A TEXT BOOK OF 

PRACTICAL PHTSICS 

(Jor Degree Classes of Indian Universities) 

By . 

ram KRISHNA, M. Sc. 

L^te Professor and Plead of the Deptt, of 
Physics, N.R. E.C. Colley, 
Khurja. 


INDU PRAKASH, M. Sc. 

(Ivletnber, American Physical Society) 
Professor & Head of the Deptt. of 
Physics, Christ Church College, Kanpur, 
and Pechmcal Adviser, Instrurmnts & 
Chemicals Ctd Ambala. 


VOLUME 11 

magnetism electricity and modern physics 

''t' » 

Hl'/jf 

thirteehth revised edition 


KITAB MAHAL, ALLAHABAD 

1909 



Vol, I 

( General Properties, Sound, Light and Heat ) 
Vol. II 

( Magnetism, Electricity and Modern Physics ) 
The book is also available in one combined volume. 


P^bUshfd by t 'KITAB ■ MAICiS-L,'''ALLAilABAE). 






PREFACE TO THE THIRTEENTH EDITION 

This popular book has now reached its thirteenth milestone 
and in the process has tried to enrich the student community with 
illimitable resources of physics. 

In the present edition many new diagrams have been placed 
in place of old ones, and the text has been thoroughly revised to 
keep the student abreast of present developments. 

The author wiU feel grateful for any suggestions for im- 
orovement of the book. 

^ INDU PrAKASH 

PREFACE TO THE TWELFTH EDITION 

We have indeed great pleasure in bringing out the twelfth 
edition of the book. With the introduction of Heat in B. be. lart i 
Examination by some Universities, we have reorganised volume 1; it 
now contains General Properties of Matter, Sound, Light and Heat. 
Volume II contains Magnetism, Electricity and Modern Physics. 

To cope with the changes in the syllabi of some Universities, 
we have reorganised Volume I by incorporating the following new 
experiments : 

1. Surface Tension by the method of Ripples, 

2. Viscosity of water by rotating cylinder method, 

3. Viscosity of water by variable head method, 

4. Thermal conductivity of glass by Lees and Chorlton’s tpethod ^ 

5. Stefan’s constant. 

and by transferring thefoUowing experiments from Electricity Section 
to the section on Heat. 

1. Temperature coefficient of Resistance of platinum, 

2. J by Callendar and Barne’s method. 

The following new experiments have been added in Volume 11. 

1. Power factor of an a. c. circuit, 

2. Capacitance of a condensMby Wien’s series resistance bridge, 

3 . Self inductance of a coil by Maxwell’s Inductance bridge, 

'^ 7 ' 4. Study of a series resonant a. c. circuit, 

5. ! Static characteristics of a tetrode valve, 
v 6. V by Millikan’s oil drop method, 

t 7. of an electron by Thomson’s method. 

8. Comparison of frequencies by C. R. O., 

9. Characteristic curves of a photocell. 

V 10. Frequency response off a photocell. 
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INTRODUCTION 


of Practical Physics 


If we go deep into the history of human progress we find 
that, in every phase of the progress, one thing, which is common, 
and therefore, which has made this progress possible, is the application 
of human intelligence in overcoming his physical disabilities. Man 
began by exploiting the superior abilities of lower animals 
and gradually succeeded in inventing machines infinitely more able 
than any animal in their capacity for work. 

With the success in inventing machines capable of doing miracles 
in the field of physical work, man soon realized that these machines 
will be equally useful in the field of knowledge, particularly in the field 
of physical knowledge. History of progress of physical sciences and 
the ever-increasing applications of instruments in the fields of othet 
branches of knowledge amply justify the present age being called the 
Age of Machines, as they have influenced not only our capacity of 
doing, but also of thinking and willing. 

If we carefully study the progress of Physics we find that the 
greatest contribution in this progress has been made by the inventions 
of more and more refined instruments of measurement. This 
had to be done because it was early recognised that the information 
of a phenomenon given to us by our unaided senses was so defective 
that it could not be relied upon for true knowledge. Since consistency 
is the criterion of truth and since sensual impressions are seldom con- 
sistent, it follows that knowledge based on unaided senses cannot always 
be true. 

Our knowledge of a phenomenon is said to be true not only 
when the same observer agrees in his own experience of the 
phenomenon at all times but also when all observers agree in their 
experiences of that phenomenon under like circumstances. There 
are two main reasons why there may not be an agreement between 
different experiences of the same phenomenon : — 

(f) Our senses being parts of a living or ever-changing body, 
it is not possible to keep a sense in a steady state or to reproduce 
that state at will nor is it possible to bring the senses of different 
observers in identical states. 

(iV) It is not possible with the help of unaided senses alone to 
ensure that a .given phenemenon is reproduced under identical 
conditions. 

For true knowledge, therefore, we require some device which 
is more reliably consistent than our senses in its indications. Such 
devices are the various measuring instruments invented by modern 
scientists to make their knowledge of the physical world as free from 
defects as is humanly possible. 
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The following general scheme of a scientific investigation 
shows how experiment is the foundation of the development of 
a science. In this development we start with observations and 
proceed step by step, almost in an endless spiral, in which every 
new discovery, predicted sometimes by a theory, brings us nearer 
the truth. 


Observation 

Experimentation 


Generalisation 
or law 
Formulation 


1 

Formulation of 
Theory 


(Qualitative) of the phenomenon as a whole 
generally with unaided senses. 
(Quantitative) with suitable instruments 
finding effects of various factors deter- 
mining the phenomenon, 
f Co-ordination Y to find the answer to the 


of results of all 
\ cases of the 
I same pheno- 
1 mena 

\ (Inductive) 


1 


f (Co-ordination I 
I of results of 1 
allied 


phenomena 


I 


Prediction of 
new phenomena 


Deduction of 'J 
particular 
consequences 
\ of the more ^ 
general pro- 

i | position of 
t ^he theory 
New experimentation — 


question (How ?) the 
various factors influence 
the phenomenon and 
express the answer in a 
formula or a graph. 

to find the answer to the 
question (Why ?) the 
phenomenon obeys this 
discovered law and no 
other. 

Provides verification of 
the theory as well as dis- 
covery of newer facts 
of greater utility. 


-with better instrument some 
times specially designed 

^ for the purpose. 

Observation of new Facts 

l 

Formulation of a new Law 

i 

Formulation of a new Theory or modification of the old one, 

''X' 

and so on. 

In fact the aim of science is the formulation of a law governing 
the phenomena the science aims to study; because mere 
observation of isolated facts is not science. We have science only 
when we have discovered a proposition which includes all the 
possible infinite cases of the same class. The discovery of a law 
IS in fact the discovery of the hidden element of oneness in the 
apparent manyness of the phenomenon. A theory aims at introducing 
a farther clement of oneness in our knowledge by showing a 
sort of oneness in apparently different types of phenomena* 
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From this point of view the aim of science, in fact of all knowledge 
is to show that the world of our Gommon experience is not what it 
seems to be ; it is not so complex as it appears. On the other hand 
it is simple and one complete whole. It is in reality a Universe and 
not a Multiverse. 

Foundation of a science, particularly of Physics is, therefore, 
experiment, and the aim of a carefully conducted experiment in Physics 
is the discovery of a law governing some phenomenon or the verification 
of a law derived from a theory which is acceptable to the physicist only 
when the experiment approves it. 

With a view to make their investigations and lead us as close 
to the truth as possiblcv physicists have been not only trying to 
invent more and more perfect instruments but have also developed 
the theory of errors which suggests methods of eliminating from 
their investigations the possible errors. 

The theory of errors starts with two assumptions : — 

(/) That every observer is more or less careless and so liable 
to commit mistakes in reading an instrument. Therefore, every 
reading taken with the same measuring instrument is more or less 
erroneous ; the finer the instrument, the greater the chance of divergence 
in the several readings, Such errors are called chance errors^ and their 
magnitudes depend on the quality of the instrument as well as 
that of the observer. If the instrument is free from defects and the 
observer is careful, the errors will be small. 

(it) That every instrument is more or less defective and so its 
indications are not free from errors. Such errors due to some 
inherent defects in the instrument are called instrument or constant errors. 

Aim of this theory is, therefore, to devise means to get the right 
result from all these wrong observations. It is a sort of miracle the 
theory aims to achieve, because in brief the theory is : 

Given A set of erroneous observations. 

Required : — To find a result free from error. 

With the help of this theory a phy sicist can either eliminate these 
errors or find out the magnitude of the probable errors which depend 
on the quality of the instrument at his disposal. 

As the first kind of error depends on chance, its distribution 
follows the same law as any other chance event follows. Measurement 
of a quantity by an instrument is often compared to the hitting of a 
fixed target with a rifle, and the divergence of the shot from 
the exact point on the target is compared to the error of observation. 
Maxwell has theoretically derived a formula which gives the nature 
of the distribution of velocity amongst the molecules of a gas ; and 
this foimula applies, with necessary changes, to the distribution of 
chance errors amongst various observations. Results of MaxwelFs 
theory are based on the mathematical theory of probability which 
is truly applicable only to a group of a large number of individual 
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independent events. This ’Will apply to set of a sufficiently large 
number of observations taken independently without any bias of 
the previously taken observations. 

It can be easily shown that the arithmetic mean of such a large 
number of observations is the actual correct value of the quantity 
Let the unknown true value of the quantity be x and let the various 

observations made be Xj, Xg, Xg, so that ...... 

are the errors of the corresponding observation. Hence we have, 

Xi = x+^i 

. Xa — x+tfa 

Xg = x+^8 


=== x+^n 

(x, +Xa+Xg+...+Xn)===ffx+(^i+^2+^^ 

since ^2? are all chance errors, they should be so distri- 

buted that for any error, say there should be an error — for 
there is no reason why mere chance should favour positive errors 
and not negative errors. Hence, 

(Xi+‘^a+X8 +— +xq)==«x 

Of X === ~ — (Xi+Xa+Xg-f***-* +Xn) 

n 

= arithmetic mean of observations. 

Hence arithmetic mean of a large number of observations is the correct 
value of a reading- If we call this Xm, then error of any observation 
say rth one, is defined by 

■ . ^r=Xm — Xt 

A reading x^ is said to be precise or sharp if its error er is smaller 
aero. Precision or freedom from these chance errors depends on the 
carefulness of the observer as well as the sensitivity of the instrument* 

As the number of readings is usually not very large, + 

^3’4“*.*+^n5^o and so the mean of errors ^ ••• +^n)- 

em. is a small quantity and so the actual value xT^Xm but 
Three kinds of average values of errors are used ; 

{a) Arithmetic mean/^m— ” (^I’+^a+^s'f 
{b) Root mean square + 

ft 

{c) Probable error <?p=*6745 

If a given error, <?, occurs in / observations, then /is called the 
frequency of its occurrence and fjn is called the relative frequency 
in the total number of n observations. The most probable error 
is that for which fjn has the highest value and its relation with the 
mean value is shown to be ep==:*6745 (?nj. 
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To eliminate these chance errors, therefore, the experiments 
should take as large a number of observations as possible and should 
keep his inind perfectly free from any bias. 

On the other hand, elimination of instrumental errors is not 
quite so easy as that of the chance errors. For the elimination of 
errors due to some likely defects in the make of the instrument, 
the experimenter has first to carefully study the various factors 
which determine the two chief qualities of the instrument, 
the sensitivity and the accuracy, and then see which part of a given 
Instrument affects these and in what manner. Accuracj of an observation 
is freedom from these instrumental errors. Sensitivity of an instrument 
is measured either by the smallest amount of the difference in the quantity 
the scale of the instrument is capable of measuring or by the number 
of scale divisions which a given small difference in the quantity to be 
measured will produce. For example, ' sensitivity of a balance may 
be defined either as the number of m. gm. required to produce a shift 
of the pointer through one division or by the number of divisions the 
pointer will shift on the addition of an extra i m.gm. weight on one of 
the pans. Usually one of these gives insensitivity rather than sensitivity. 
In the example of the balance the first method gives insensitivity because 
a balance which requires a larger weight to shift the pointer through 
one division is less sensitive. 

Sensitivity and accuracy of an instrument usually go against each 
other, for, if we try to increase one, the other is automatically decreased. 
In rare cases we may have both improved simultaneously. 

The final result of the experiment is usually calculated from 
a set of observations taken with a number of measuring instruments 
and connected by means of a formula. It can be shown that ^ each 
of these observed quantities does not influence the result similarly, 
someone influences more than the other. If, for example, a quantity, 
X depends on other quantities A, B and C in the manner given 
by the equation 

X= AP O 


Then, 


ax SA 8B , SC 
X “ P a"'*' ^ B c' 



A ps^oportional error in X=jC> times the proportional error in A-f^ 

times the proportional error in B+r 
times that in C. 


Therefore, for given possible errors in A, B and C, the effect on 
the final result is greater for the factor having higher power, and that 
(the factor) having smaller value. For example, if A is the smallest 
quantity and p is the highest power, the measurement of A should be 
most carefully made, SA should be made least. 

A few examples are given below to illustrate the application of 
equation (la) for the purpose of calculating the extreme error. 
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I. Meaa Coefflcient of appatetit expansion of water with a 
:;/weigh^^ 

The equation used for determining the mean coefficient of ap- 
parent expansion of a liquid^ say water, is 


Vs = 


m. 




The extreme proportionate error in is given by 


(«1— ^ 9 ) 

The following are the observations in an experiment with water. 




giving a mean value of ya as 5.1 X 10 — ^ per <’C 

g^* S «? 2 )= 

■ m2=^'6,42M .gm.. :' = 

/i-.16.50C 
/2=:99.5«C 

— ^2=0,2134 gm. and 


= 0.0002 gm. 
= 0.0001 gm. 


'I:' 

83 


Substituting the above values, 

8 ya _ 0.0002 Q.OOOl 
y^ 0.2734 + 6.4224 

== 0.0007+0.00001 f 0.01204 ^^^ ^ 

= 0.0128 

Hence the percentage error in is 1.28% of which the major 
contribution is by the measurement of temperature difference with a 
thermometer reading upto |®C. We have taken S(/^ — ^i) a i^^C, 
assuming that the errors in the measurement of /j and t, (each being 
of ) are such as to add up. 

From the above analysis it is at once apparent that the use of 
an analytical balance for the different weighings reduces the errors in 
and considerably and that the use of a thermometer reading 
to J^^c would reduce the error in the measurement of (/.> — 

IL Thermal Conductivity of Copper by Searle’s apparatus. 

The expression used for determining the thermal conductivity 
by Searle’s apparatus is : 

^'(^1 — ^3) ^ 

where m is the rate of flow of water as deternained by collecting a 
mass M gm. in a time t secs.; the other letters have their usual signi- 
ficance. 

The extreme proportionate error in K is given by 

hK SM , 8 (^ 4 — 6 > 3 )' U , S/ , 2Sr , 


K =. 
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The following are the observations for this experiment ; 

Volume of water collected= io*o cc ; Least count of graduated 

cylinder— 0*5 c.c. 

M=io‘o gm. 8 M=o* 5 gm. 

04==58*o®C 86g=S64==o*a®G, the least count of the 

^g=3i*2°C thermometers 

<3=10*50 cm. Si=o*oi cm. L. C. of callipers 
f=s2*54 cm. Sr=|xo*ooi cm., L. G. of screw gauge 


M=io‘o gm. 
0^=58*o®G 

J=:io*5o cm. 
, : ,f=s2*54 'Cm. 
/= 120 sec. 
^i=9o*2'^C 
6 > 2 = 84 ‘ 8 °G 
Substituting the 

_SK 
I ' 


S/=rO*2 sec. 
=8^2=0 


being 0*001 cm. 

L. C. of the thermometers. 


above values 


+ aX^X 


2*54 

0*04 


= o'os +0*0015 4'0 *ooo94-o*ooi8+o*ooi6+o*oo78 
=0*0636 

Hence the extreme proportionate error in K is 0*0656, /.«?., the percen- 
tage error in K is 6*36% of which 5% is contributed by the measure- 
ment of M and 0*78% by the measurement of 

From the above it is evident that the student made the mistake 
of having too low a rate of flow of water and thus the error in its mea- 
surement amounted to 5 % ; this low rate of flow also accounts for 
the small temperature difference between and Sg, which gives an 
error of 0*78%. Hence the rate of flow should have been more — 
This helps in reducing the percentage error in K. This is also rendered 
evident from another set of observations on the same rod. 

Other factors being same, the altered observations are 
M=44 gm. ; ^i= 83*6®C ; 02=7o’4®G 

+ 4 = 45 * 4 ®G ; ^ ^s= 3 j*c®C 

Making the calculation of the error in K we have 

SK 0*5 . 0*04 ■ 0*01 , . ^ 0*00l 0*2 

~ « - 7 ^ ^ X: i X——- + , 


= 0*011 3+0*0027+0*0009+0*0018+0*0016+0*0050 

Hence the percentage error in K is 2*13% 

III, Determination of H with Vibration and Deflection magneto- 
meters. 

The equation employed for calculating H from the observations is 


Y( j+ j y( d--i ) 
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The extreme proportionate error in H Is given by 

SH ST 8(i+/) 8(d—/) T rSl+ sec^flSff ] 

H " ’ Id+l) + (d—l) ® [ I d"^ tan e J 

From the following observations in an experiment, we can cal- 
culate the error. 


T=3*i4sec. 3 T = 


sec. (as 50 vibrations were timed) 


J=i 8*5 cm. S^ ==o*i cm. 

/=2*505 cm. S/=o*2 cm., assuming this to be the uncertainly 
in locating the poles. 

Hence, S(^+/)==o*3 cm. 

0=40® S^=i°==o*oi75 radian 

;5?r== 5 5 • 75 o gm.S/-;?? =0 * 00 r gm. 

a=^y 10 cm, Sj=8>&=o*oi cm., least count of 

^=i*6o cm, vernier callipers. 

Since 1 =/;!? ^ — - 


Sm ^ 18a zSb 

-^+-~-+ X 

o*c 01 , aXo’oi 

55 '750 ^ 5*10 


2X0*01 


fience. 


= 0*0269 

50X3*14 21 16 


. 0*1 
>•0269+ 


. 0*0175 

(0*7760)* x(o* 8391)] 

=0*00134- 0*01434-0*0187+0*0134+0*0029+0*0173 
=0*0679 

Thus the percentage error in the measurement of H is 6*79%. The 
major contribu is to this error are due to the uncertainty in locating 
the poles, and 1*73% in the measurement of 

If 0 were 25®, 

S(tan^) __ sec*g 3 ^ _ 0*0175 __ 

tan^ tan^ (o * 9063)* X (0*4663) ^ ^ 

Hence the error contribution due to this factor would have been 
1x0*04569 = 0*0228, /.<?., 2*28% as against 1*75% when 0 is 40®. It 
is, therefore, necessary to have ^ in the neighbourhood of 45® consistent 
with the fact that d is taken large. Taking d large reduces the errors 
in the factors involving and (d'—I). 
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lY* Determination of difference in two nearly equal resistances 
with a Carey Foster’s Bridge. 

In a Carey Foster’s Bridge , 

where 

Hence, ' , 

The proportionate error in (X— Y) is given by 

a(X-Y) 8R 8(/,-/.) 8(V-//) 

X— Y R"'* 4— A'— A' 

In an experiment the observations were 

R = I'oo ^ SR = o-ooi SI 

(/» — h) = 49*^ cm. 6(4 — Ii) = 0*2 cm. 

(//—//) = 4*5 cm. S(V-~//) = 0*2 cm. 

Substituting the values above 

S(X— Y) 0*00 1 . 0*2 0*2 

X— Y ““ roo"*" 49*8 ^ 4'5 
= 0*001 +0*004+0*0444 

= 0*0494 

Hence the proportionate error in (X — Y) is 0*0494, Le.^ the percen- 
tage error in the determination (X— Y) is 4*94%. 

Three points are worth noting here. 

(1) In order to determine p, choose a large value of R to have 
(/i — 4) large ; then alone the proportionate error in the determination 
of (4 — Ii) would be less. 

In the above experiment, with R:=o* i ohm, ( 4 — 4 ) would be 
5 cm., and the proportionate error in its measurement would be 0*2/5 — 
0*04, the percentage error in its determination would be 4%. It 
is ten times the value of 0*4% with R— I ohm. 

(2) From the observations above, it is apparent that the difference 

between X and Y is of the order of 0*09 ohm. The total extreme error 
is 4*94% of which that contributed by the measurement of is 

4*4%. Hence the error in the difference of the resistances X and Y 
is (0*09x4*94)/ 100 =0*0044 ohm. Thus this error contribution of 
4*4% in the measurement of ^ced not be alarming, as this error 

is 4*4% of the difference. 

This point is further illustrated by taking a value of ( 4 ^ — V) 
as 1*5 cm., when the difference between the two resistances is of the 
order of 0*05 ohm. In this case 

o* 1,385/ ' 


|8A=8/,=o*i cm. 
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#.<?•, the percentage error in the measurement of (X— Y) is as high as 
I 5 - 83 %- But the difference is of the order o‘o3 ohm, and hence the 

/ XT v\ w 


error in the difference (X — Y) is 0*03 X 


=0*0041 ohm. 


(3) The method is suitable for finding the difference in the ^valuc 
of two very nearly equal resistances, for then the error contribution in 
the determination of P becomes negligible. 

V« Ck»mpatison of two resistances with a potentiometer. 

We know that 

/f 

In an experiment, /t=9i8*i cm., /2==9oo*5 cm. S/i“S/a=o*icm. Hence 
the proportionate error in the determination of the ratio Ri/Rf is 

8(Ri/Ra) SI, . 8/2 

R1/R2 ^ ^ /* 

^ I 

918*1 900*5 

s= o*oooio8-bo*oooiii 
=S 0*00019=0*00022 

Thus the percentage error is 0*022% and it is almost equally distri- 
buted between the two factors. The method should be applied to the 
comparison of two nearly equal resistances, 

VI. Determination of E. C. E., of Cpper using a Tangent 
Galvanometer. 

The electro-chemical equivalent of copper is given by 


K. t. tan e 

The proportionate error in 2 is given by 
8 2 _ 8 m ^^ 4, St S ( tan 0 ) 
% ““ M K tan Q 


In an experiment the observations gave 

«tf=5Wj| — =99*9752— 99*6102 gm* I 8;5 !?=:o*ooo 2 gm., m being 
=0*3650 gm. the diff., of two weighings. 

K is known to a high degree of accuracy as H, n and r are known fairly 
accurately ; r is usually supplied by the manufacturer. Hence the factor 
8K/K can be left out, 

/=i2oo sec. 8/=i sec, 

£^=42® 80=1^=0*0175 radian 

Substituting the values in the equation above 

0*0002 - • i ^^^4^ ;Ko*oi75'''.. , 
rzoo. -■ tan42v,:'. 
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=0*00054+0*00083+0*03416 

=0*0356 

Hence the extreme percentage error in Js is 3*56%,the major contribution 
being due to an error in the observation 6 . As the weighings are done 
on a chemical balance^ Smjm factor contributes 0*054% error only. 
Using a stop watch of least count 0*2 sec., would not in any way improve 
the result as the error contribution by a stop-clock of least count i sec. 
is 0*083% when the duration for which the current is passed is 20 
minute. If the duration be raised to 30 minutes, it would be less. We 
therefore conclude that great care must be exercised in the observation 
of the angle of deflection. It is assumed, however, in the discus- 
^ sion that the setting of the galvanometer is correct, 

graphical REPRESENTATION OF DATA 

L Advantages of Graphs, The presenting of data by a 
graphical method is an adaptation of the principles of Descarte’s 
analytical geometry, whereby numerical values are represented in 
geometrical form by the length of a line, the area of a surface etc. 

It may conveniently be said in favour of 
graphs that 

(0 They appeal to the attention of the reader, 

(is) They permit an easy reference to data, 

(Hi) They facilitate comparisons of values, 

(iv) They reveal some significant features in a set of data — 

presence of maxima or minima or points of inflection — 
which may not be easily noticed in a survey of the data, 

II. Choosing the Co-ordinate scales. For the under-graduate 
students the purpose of plotting a graph is limited. His job is not to 
investigate whether or not a relationship exists between the variables 
considered, and if such a relationship exists, to determine its mathe- 
matical form. His job is to show that the relationship, as embodied 
in the mathematical equation which he is using in his experimental 

f . work, does exist ; he may further use the graph as a tool for making 
Some determinations. 

Further the under-graduates have not to make any choice about 
the type of graph paper to be used in the graphical representation of the 
experimental data. He has usually to use the rectangular graph paper 
which has either mm, divisions or ijio" divisions. The main pro- 
blem before him is the choice of the co-ordinate scales. 

poor choice of scales for the co-ordinates, more than any 
other single factor, will make an otherwise acceptable graph unsatis* 
factory as a tool.” This being the case, the need of suitability rules 
is evident. Certain general rules may be stated as follows ; 

I, It is customary to choose the scale for the independent variable along the 
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This is an established custom. Which of the two variables is in- 
dependent is usually greatly influenced by the experimental procedure 
adopted. While taking observations in an experiment, the values of 
one quantity are arbitrarily fixed, and the corresponding values of the 
other quantity are observed; in such a case it is evident that the former 
quantity is to be regarded as an independent variable. 

In the experiment for the determination of difference in two 
nearly equal resistances by C. F. Bridge, the formula used is 

where /j is the length of the bridge Vv ire at the balance with Rj in lett 
gap and R in the right, ^ the corresponding length when R^ and. R 
are interchanged, pis the resistance per unit length of the bridge wire. 

In the experiment under reference R is varied arbitrarily by using 
suitable resistance in the decimal ohm box and the corresponding dif- 
ference — 4) is computed by observing 4 and R is therefore 
an independent variable while the corresponding value of (4-^4) is 
a dependent variable. The graph (G. A.) has been plotted with R 
along X-axis and ( 4 — 4 ) along Y-axis. The data for the graph has 
been taken from the table below. 


Table— -F(?r Measurenmi of Rj 


R 

A 

4 

Oi-k) 


56*0 

47*9 

' :8*i 


54*4 

49‘5 

4*9 

"" ' 2*6 ■ ■ 

52*9 

51-2 

1*7 


51*2 

52-8 

—1*6 

2*8 

49*2 

54-4 

4*5 

2*9 

48-2 

53-9 

ri 


1 


z. The choice of the scale should be such that the co-ordinates of any point on 
the graph may be ascertained easily and quickly. 

For rectangular graph paper with successive main lines divided 
into ten parts (each part equal to i mm, in a cm, graph sheet or ijio* 
in an inch graph sheet), the scales convenient to use are those in which 
the distance between two consecutive main lines represents a differ- 
ence in value of i, a, 4 or 5 units or these values multiplied by ion where 
n is an integer. It would certainly be very inconvenient to plot the 
points and also troublesome to read the co-ordinates of a point on the 
plot, if the distance between the consecutive main lines represented 
a difference of 3, 6, 7, 9 units. 

Thus in the graph (G.A.) between R and ( 4 — 4 ) ^ke choice 
of scales along the two axes is 
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(/) 0*1 ohm., differejQce between two consccQtive lines along 
/the ''X-axiS'; ' 

(//) 2 cm., difference between two consecutive main lines along 
the Y-axis. 

5, The choice of the scale should be such that the resultant curve is as exten- 
sive as the sheet permits but subject to the condition that uncertainties 
of measurements are not made thereby to correspond to more than one 
or two of the smallest divisions, 

The co-ordinate units need not usually start from zero values. It 
is customary to begin the scale for each variable from the lowest roun- 
ded value in the data and end it at the highest value or just greater than 
the highest value. 




CAtiey f^osTSfe 
emfueTfON of 4/y uttxmwN ucsis, 

/?/ 
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Graph (G, A.) between R, C/i— 4 ) 


The above graph has been drawn by taking the above rule into 
Consideration with the exception that C/i— 4 ) has a starting point zero 
It is necessary in this case because (4— ^2) has both +ve and — ^ve 
values for different values of R. 

Supposing there were observations only for +ve values of (4 — 4 )> 
even then the starting point for ( 4 -^ 4 ) would have to be taken as 
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zero, because the calculation of R^, the unknown resistance, is based 
on finding the value of R for — I^)=o. For, from the equation 

Ri-R=(/i- 4 ) p 

it is evident that as R is altered, (/’i — 1 2) correspondingly altered, R 
and p being constants. A plot of R and (/^ — /g) is expected to be a 
straight line, as shown in graph GA. 

When (/i— /2)=o, 

I. <?., the intercept of the plot line on the R axis for a value (/^ — /2)=o^ 
gives the value of Ri. Hence the starting point for (/i-~“/2) has to be 
taken zero in this case of plotting the graph. 

We conclude therefore that except where necessary we begin 
the scale of each variable from the lowest rounded value. For R we 
begin the scale with 2*4 ohm but for (/i—Zg) we start with zero at the 
origin because it is necessary to do so. 

Secondly, where the sheet is large enough we could have spread 
the (/^ — /g) scale but it would have been incorrect to spread the scale 
guch that each small division in the graph reads, say, 0*05 cm., for 
the least count of the metre scale used to read or/g is o’l cm. 

4. Scales are to be marked properlj by labelling the main co-ordinate lines 

with values which they represent. 

It should be noted that, 

[a) The numbers used in marking the scale on the main lines 
should contain as many significant figures as the data 
justify. 

{b) For a satisfactory scale designation it is necessary to have along 
each axis the name of the quantity represented and the 
units in which it is measured. 

As shown in graph GA, along X-axis it is labelled as, R in ohm 
along Y-axis, i^ 

5. Plotting of the points on the graph sheet should be done very carefully and 

each point should be indicated by a cross (x) or a circle (0). 

Where two plots on the same sheet intersect or are very close 
together, the points of one may be marked with a cross (x) and of the 
other with a circle (O). 

6. Fitting a curve to the plotted points. 

The curve should be smooth and should pass as close as reason- 
ably possible to all the plotted points. 

When the number of observations is fairly large, of the points 
which do not lie on the curve but close to it, about one half should fall 
on one side of the curve and the other half on the other side of the 
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A point lying too remote from the best fit curve suggests ob- 
viously a mistake in the taking of the observation corresponding to 
this. 

7, Appropriate caption 

An appropriate and descriptive caption accompanying a graph 
should clearly indicate what the graph is intended to show. 

As the primary aim of a scientific investigator is the discovery 
of truth, he should take ail possible care to eliminate all those 
factors that tend to distort truth. One of the most important 
factors that is responsible for this distortion is the mental prejudice 
and habit of carelessness of the investigator. Defects of instruments 
are only of secondary importance. Most of the pioneer workers 
in the fields of scientific investigations did not use very perfect 
instruments, for which like a bad carpenter our students are 
seen quarrelling. Every serious student and teacher of Physics 
knows well that a student learns most w^hen he works with an 
imperfect instrument, for it develops resourcefulness in the worker. 

For these and other considerations a student of practical physics 
will do well to begin his work after carefully going through these few 
pages and thus putting himself in the proper scientific attitude of mind 
of an original investigator. It is for want of this attitude of mind 
that a student sometimes does not feel interested in this work. 
A student will, therefore, do well if he carefully reads and tries to follow 
throughout his work in the laboratory, the rules laid down below : 

1. The aim of experimental science being the discovering of 
truth, it should be carefully borne in mind by every student of Physics 
that a perfectly open and unbiased state of mind should be maintained 
during experimental work. 

2. Before beginning any of the experimental work, the 
student should make a self-study of the work and thus have a clear 
idea of the aim of his work and of the way how he is going to realize 
that aim. 

3. Forethought should be brought to bear upon every phase 
of work in hand. It counts more than anything else in the saving 
of time, in the prevention of trouble, and in the assurance it gives 
of satisfactory work. 

4. If no plan or diagram of the arrangement of the apparatus 
is provided, one should be carefully made and verified before actually 
setting up the apparatus. 

5. A suBSciently complete description of every piece of 
apparatus as also the order of taking observations, should be recorded 
in complete details in a carefully pre-arranged form. 

6. In all cases as many observations as possible should be 
taken and entered in a suitable tabular form to be so planned by 
the student that it gives all the details of his observations and in 
certain cases also the results of his calculation^ 
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7. These observations and results are to be directly entered 
in the book in which the final and fair report of the work has to be written. 

8. In most of his experiments, the student has to determine 
in the value of a physical quantity which is not directly observed but 
is calculated from the observations of other quantities that are directly 
measured. It often happens that several of these directly measurable 
quantities are capable of more accurate determination than others, 
so it becomes desirable to previously determine the degree of accuracy 
to which each quantity should be measured. For this the student 
should refer to equ. (la) and the following examples which illus- 
trates its use. 

9. In the calculation of results also, no advantage will be found 
to be gained by using more than just the necessary number of figures. 
Thus the use of contracted and approximate methods of calculations, 
and also the use of log. tables up to a limited number of figures is de- 
sirable. 

10, The student should make a free and frequent use of graph 
in the representation of his observations and also in the interpretation 
of their result. A graph gives a deeper insight into the phenomenon 
than even the tabular form. 

The record of the experiment should be entered in the following 
form : 

Dafe Experiment No, Page 

1. A clear and concise statement of the object of the experi- 
ment. 

2. A discussion of the theory involved in the experiment re- 
sulting in the formula from which the quantity is to be calculated from 
the direct observation of other quantities. In certain cases it may 
suffice to give the formula and the meaning of each symbol used in it. 

3. A list of the various pieces of apparatus actually used. 

4. A clear description of the assemblage of the apparatus with 
a linear, self-explanatory diagram neatly and carefully drawn. 

5. All original observations in a neatly tabulated form. 

6. Calculations. 

7. Method of taking observations. 

8. Precautions that were actually taken to be stated with reasons. 

9. Result and percentage Error. Never omit unit. 

10. Discussion of the result and criticism of the apparatus. 


SECTION V 

MAGNETISM AND ELECTRICITY 
Chapter XXIV 


MAGNETIC MEASUREMENTS 
24*1. Field Stfejtigtli, The space around a magnet within 
in which magnetic material will experience magnetic effect is 
termed ^ magnetic field. Theoretically this field is of infinite 
extent but since its effect dies away very quickly as the distance 
from the magnet increases, the field is appreciable only in a 
limited region around the magnet. At every point in the field the 
magnetic force has a definite strength depending upon the distance 
from the poles. This strength or intensity of the field at a point is equal 
to the force in dynes experienced by a unit north pole if placed at that particular 
pointy it being assumed that the introduction of the unit pole does not 
affect the configuration of the field. Thus, if a pole of strength webers 
be placed at a point in a magnetic field where the intensity of 
the field is H units, the force in dynes experienced by the pole 
will be given by 


The direction of the field at a point is the direction in which an 
isolated north pole would tend to move if placed at that point. 
The unit of field strength is oersted, A magnetic field is said to be of 
one oersted when the force experienced by a unit north pole in it is one dyne, 

24*2. Magnetic moment and intensity of magnetisation. 
Referringto fig. 24*1, let a magnet of pole strength m be placed in a 



uniform field of strength H so as to be 
free to rotate about a vertical axis 
through its C. G. The force on each 
pole of the magnet is mH, If the 
magnet makes an angle with the 
direction of the field, these two 
equal opposite and parallel forces mYi 
constitute a couple whose moment is 
equal to ^H xSA, where SA is the 
perpendicular distance between the 
lines of the two forces. But SA=2/- 
sin where 2/ is the length of the 
magnet. Hence the moment of 
th.Q restoring couple is mYi 2/ sin B = 
2;59/,H sinS==M sin where M=2;!5?/. 
Thus for any position of the magnet 
in a uniform field the couple 
depends upon the quantity M. 
This characteristic quantity M is 
called the magnetic moment of the 
magnet. The couple for all magnets 
having different pole strengths and 
ir magnetic moments are the same. 
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The effect of this couple is to set thc^^^^ m parallel to the 
direction of the magnetic field ia which position the coupie vanishes, 
for then ^=o. There is, however, no translatory force acting on 
the magnet to make it move bodily. The couple is maximum 
when 0=90® and has the value MH. If the field is of unit 
strength, i.^., H= i and also ^==90®, the couple is numerlcaliy 
equal to M. Thus magnetic moment of a magnet is defined as the 
product of its pole strength and the distance between the poles aud it is numeric 
callj equal to the moment of the couple acting on the magnet when it is placed 
at right angles to a uniform field of unit intensity. Magnetic moment is 
a vector quantity and can be resolved into components. Its C. G. S. 
unit is weber X centimetre. 

The intensity of magnetisation of an element of a magnet is the 
magnetic moment per unit volume. If the magnet is uniformly m 2 igm- 
tised, the intensity of magnetisation will be the same throughout its 
volume. If M be the magnetic moment of a uniformly magnetised 
bar magnet, V its volume, L its length and A the area of its pole face, 
the intensity of magnetisation of the magnet is given by 

l^MlY=^mLILA = mjA 

where m is the strength of the magnet. Thus the intensity of magne- 
tisation is also defined as the pole strength per unit area of the pole 
face, 

24*3. Magnetic field due to a bar magnet. Let m be 
the pole strength and 2/ the distance between the poles of a bar mag- 
net NS. Let P be a point distance d from the centre of the 
magnet. The intensity at the point P due to the north pole is 
mjN?^ directed along NP and that due to south pole is mlSF^ 
directed along PS. The strength of the field at P due to the 
magnet is the resultant of these two component intensities. We 
shall calculate the resultant intensity at the point P in the following 
two simple cases : — 

(a) When the point P lies bn the axial line of the magnet. Let 
the point P lie on the axis of the magnet produced as depicted in fig. 24*2, 
Then NP=-“ (d — ^/) and SP == (d-\-l). Since the two component intensities 
due to the two poles are in the same straight line, the resultant field 
at P is given by 


t/- 


Fig. 24*2 
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F = 


m 


m 


NP2 SP2 




{d~iy 

4mdl 




r) 


But since z »/=M, this reduces to 

F — 


zMd 


(alongJMP) (24‘i) 


V 

In this case the magnet is said to be end-on to the point?. 

Expanding the right-hand side of the above equation, we get 


or if d> I, 


have 


F 

F 


2 /a 




2 M/ 

2M > , 2 /2 X 

^ 3(1 + -Jg-) 

If d»l %o that /a is negligible when compared to d^ we 

d^ ... ... (a4'2) 

(b) When the point P lies on the equatorial line of the magnet. 

Let the point P lie on the line perpendi- 
to the axis of the magnet and passing 
through its centre as shown in fig. 24- 3. 
The point P will be equidistant itotss the two 
poles so that NP=SP=r (say). The com- 
ponent intensities at P due to the two poles 
will, therefore, be each equal to mjrK Let 
them be represented by PA and PB in the 
figure. Then completing the parallelogram 
PACB, the resultant is represented by PC. 
From similar A PNS and APC, we have 




In ittts €we ill ar^i 

«l*t tip mi ' fti F the ■:mag 

gMt-htnd iWtt of the tbow e<|Miid0^ we pt; . 

d F ^I— - ' • , . ■. ‘ 

If <f > > / »o that /* can be neglected when 


Compadng equations (24-2) and (24-4) we see that ^ie jield at a point 
me to nfagnet in the end-ott position is twice that due to the same magnet 
fft the broad-side-oa position^ the distance of the point from the centre 
of magnet remaining the same. Further, the field at a sufficiently 
great distance depends only on the magnetic moment M 
and not on the values of the factors m and 2/ separately and the 
same is true for the field at a great distance in any direction from 
the centre of the magnet. 

^4*4* Two mutually perpendicular uniform magnetic 
uelds. When a small compass needle, freely suspended or 


Referring to fig. 24*4, let ^ | ■ ’ I [ '"*] 

the angle which the needle 

makes with the direction of Fig. 24*4 

the first field in the e^nili- 

hfium position be (J. The couple on the needle due to the first field of 
intensity His «?HxSA and that due to the field of intensity F is 
jk?FxAN, where m is the pole-strength of the needle. Since in the 
equilibrium position of the needle, the two couples are equals we have 

wFxAN=;5!fHxSA. 



MAGNETIC MEASUREMENTS 


461 


or 


But 


F=HX 


SA 


SA 

AN 


AN 
= tan ff 
‘ — H tan 0 


(24*5) 


The resultant field is uniform and is of magnitude 
It makes an angle tan (F/H) with the direction of tht first field of 
intensity H. 

Note that the position occupied by the compass needle is 
independent of its magnetic moment, pole-strength or length. 

(a) Tangent A Position of Gauss. Let a magnet NS be 
placed with its axis perpendicular to the magnetic meriian, and 
let a small compass needle be placed at a point P on the axial line of 
the magnet produced as shown in fig. 24*5 . The field F at P due to the 
magnet will be perpendicular to the horizontal component of the earths 
magnetic field. Hence, if Q be the deflection of the needle from the 
magnetic meridian^ then from equ. 24*5). 

F = H tan B 

Since the magnet is end-on to the point P, we have from equ. (24*1) 



Fig. 24*5 
ilsid 


Equating these two values of F, we have 
lUd 


>= H tan B 


tan B 


(m-6 ) 


M 

"H '^^zd 

IfJ!>>/so that can be neglected when compared to 
we have, 

^ 77 — 'tan 6 ■ ' (^4«7) 

Jhi 2 




' ' I r' ^ I I ' ''' ' ■ ' . 

462 . 'a mxT^kmi^' o;^fpM^mm*m ‘ 

arrangmmt of th. magmt. fc? nmdk ip B&r 0 i fkld is 

odhi A tangeiit position of Gtoss. ' >V ■'■,•! 

(b) Tangent B Position of Gauss.* Let a small compass needle 
be placed at a point P on the equatorial ttn§ 6 i a ni|tgnet NS placed east 
and west, ij,, with its axis at right, angles- to the^;“ magnetic meridian as 
depicted in fig. 24*6. The field F at 
the, point P is perpendicular to the ^ ^ mH ^ 

horizontal component of the earthjs | 1 

magnetic field H so that > * X q ‘ 

F = H tan $ ' 

where 0 is the deflection of the needle "~fv\ 

from the magnetic meridian. SinQe ^ , | 

the magnet is broadside-on to the | 

point P, we have from equ. (24*3). ; 


(^24-/2) 

Substituting this value of F in the 
previous equation, we get 


(^24.72) I 0 (24*8) 


Fig. 24*6 

If ^ >> / so that /2 is negligible when compared to d\ we have 

■ ' ■ M 

”h~ ~ ^ (24*9) 

* The above arrangement of the magnet and the needle in the earth" s field 
is called B tangent position of Gauss. 

Note that the field F due to the magnet is perpendicular to H 
both in A and B tangent positions of Gauss. The compass needle 
used in both the positions of Gauss should be small as the field F due 
to the magnet is uniform only in a small region round the needle.^ The 
magnets used should be strong in order that the effects of friction at 
the pivot may be insignificant. 

If the same magnet be used in A and B : tangent positions of 
Gauss and, if the deflections of the needle from the magnetic meridian 
in the two cases be 0 i and respectively, then for the same value 
of dy from equations (24*7) and (24*9) we have, for 2. short m^Lgrict. 


tan $i 
tan, 


(24*I0) 


This formula was used by Gauss to inverse square law 

experimentally. 
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214*5. Deflectiott Magnetometer* A$ shown in fig. 24*7, this 
consists essentially of a small magnetic needle pivoted at the centre of a 
circular scale of degrees, so as to move freely in a horizontal plane. 
At to the needle is attached a //g/ 5 / aluminium pointer which 

is used to read off the deflections of the needle on the circular 
scale. To avoid error dm to parallax^ a plane mirror is placed un- 



derneath the needle. The whole is enclosed in a box with a glass 
lid which shields the needle from air draughts. This box is placed 
at the centre of a long wooden board, the two sides of which 
on tht opposite sides of the needle constitute the two arms of „ 
the magnetometer. Each arm of the magnetometer is provided with 
a half metre scale, the zeros of the two scales being coincident with the 
centre of the needle. 

The instrument is used for the determination or comparison 
oi strengths of magnetic fields or the magnetic moments of bar 
magnets and fhe verification of inverse square law. In all these 
experiments either A tangent or B tangent position of Gauss is 
used. For A tangent position of Gauss, the arms of the magneto- 
meter are set in the magnetic east and west direction and the bar 
magnet placed on the arms of the magnetometer with its axis 
parallel to them. For B tangent position of Gauss, the arms of 
the magnetometer are adjusted to be in the magnetic north and south 
direction and the bar magnet placed on the arms of the magnetometer 
with its axis perpendicular to them. 

24*6. Vibration of a bat magnet in a magnetic field. When 
a bar magnet, suspended in a magnetic field, is deflected through , 
a small angle from its position of rest, it begins to execute simple 
harmonic oscillations about the axis of rotation as soon as the deflecting 
influence is withdrawn. For, if M be the magnetic moment of the mag- 
net, H the intensity of the magnetic field and ^ the small deflection 
of the magnet, the moment of the restoring reaction on the magnet 
due to the magnetic field is MH sin^ which, as 0 is smalf reduces to 
MH^. If I be the moment of inertia of the magnet about the axis 
of rotation, the vertical axis through its C, G., the moment of the 
d^q 

inertial reaction is I-^ . From Newton^ s third law of motion^ the sum 

of these two reactions, in the absence of the deflecting influences, must 
be equal to Hence 
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or 


or 


dH 

dt^ 

dH 


dfl 

d^ 

dt^ 


+ MH $ 

4 - 9 


where j 5 ®=MH/I 

The above equation represents a simple harmonic motion of period 

C24M1) 




/_L_ 
4 mh 


In the derivation of the above equation, we have neglected the 
moment of the torsional reaction due to suspension fibre and also 
the change in the magnetic moment of the magnet due to inductive 
action of the field. The effect on the motion of the magnet due 
to these two factors, however, is very small. If torsional reaction 
is not negligible when compared to MH^, the formula for period will 
become 






MH+G 

where C is the moment of torsional reaction for unit radian twist. 

247. Vibration magnetometer. It consists of a wooden box 
having a vertical long glass tube projecting at the middle of the top 

of the box as shown in fig. 24*8. 
Inside the box is suspended a very 
light of aluminium wire for 

holding the magnet. The suspen- 
sion is either an unspun silk thread or 
a camel hair and is tied at the top 
to the torsion head resting on the 
top of the glass tube. On the base 
of the box below the magnet, is 
fixed a strip of plane mirror with 
a straight line marked parallel to* 
the longer side of the box. There 
are two slits in the wooden top of 
the box vertically above the line on 
the plane mirror and are used to 
observe the oscillations of the 
magnet through them. In each of 
the two long sides of the box there 
is a glass strip that can be slid in 
and out. 

To adjust the instrument it is placed on a table with the line on 
the plane mirror lying in the magnetic meridian. Then a brass bar is 
placed in the stirrup and allowed to come to rest. When the brass bar 
is at rest the suspension fibre will be free from twist. The torsion head 
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is then tufiied tintil the bar lies parallel ta the line on the plane mir- 
ror. The bar is then replaced with the magnet whose oscillations are 
to be observed. When the magnet is at rest its axis lies in the magnetic 
meridian and the suspension fibre will be free from any twist. 

The instrument is used for the comparison of magnetic fields 
or magnetic moments and the verification of inverse square law. 


tan 0 


(24*12) 


'Experiment 24. t 

Object. To determine the magnetic moment M of a bar magnet 
and to find the absolute value H of horizontal component of earths magne- 
tic field in the laboratory at , by using deflection and vibration 

magnetometers. 

Apparatus. A bar magnet whose M is to be determined, a 
deflection magnetometer, a vibration magnetometer, a brass bar of 
about the same mass and si2e as the magnet, a compass needle, a stop- 
watch, a vernier callipers, a metre scale and a balance. 

Theory. To determine the absolute values of M and H, two 
experiments are performed: 

{a) A deflection experiment in which the bar magnet is used to 
deflect a magnetic needle in A tangent position of Gauss, Tf 0 be the 
deflection of the needle from the magnetic meridian when the centre of 
the bar magnet is at a distance J from it, we have from equ. (24*6) 

M ^ (d^^iy 
H zd 

where M = Magnetic moment of the magnet 
/ == Half the distance between its poles 

and H « Horizontal component of earth^s field. 

(p) An oscillation experiment in which the same bar magnet is allow- 
ed to oscillate in earth’s field alone. If T be the period of oscillation of 
the magnet, then from equ. (24*11) we have 

V MH 

01 MH=A^ (24-13) 

where I == Moment of inertia of the magnet about the vertical axis 
through its C.G, 

For a rectangular magnet 

m = mass of the magnet 
<? »*» length of the magnet 


Z7F 


where 


and 


b « {horizontal) oi magnet. 


30 
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Multiplying equations (aq'iz) and (z4-i3) and then taking the square 

root, we have 




(Z4'I4> 


which gives the value of M. 

Dividing equ, (24’ij) by equ. (24*12) and then taking the square 
root, we have 


H:: 


T (^ 2_/2 
which gives the value of H. 


')/ 


z Id 
tan & 


<*4'i5> 


Method.— (a) Deflection experiment. Place the deflection 
magnetometer on a ngzd horizontal table and turn it until its arms are 
parallel to the aluminium pointer. If the compass box is fixed and the 
instrument is perfect, the aluminium pointer will point o — o on the 
circular scale. If, however, the compass box is not fixed, rotate it 
until the aluminium pointer reads o — o on the scale, keeping the arms 
of the magnetometer parallel to the pointer. This sets the magnetometer 
for A tangent position of Gauss. 


Now place the magnet whose magnetic moment is to be deter- 
mined on one of the arms of the magnetometer and arrange its position 
on it in such a manner that Its magnetic axis is parallel to the arms of the 
magnetometer and when produced passes through the centre of the magnetometer 
needle. Adjust the distance of the of the magnet from the centre 
of the needle so as to get a deflection in the neighbourhood of 45® or 
failing which between 25° and 65® at the same time keeping the value 
of d quite large. Then after gently tapping the compass box read the 
positions of both ends of the pointer on the circular scale. Note 
down the distance d of the centre of the magnet from the centre of the 
needle. 


Then turn the magnet end for end so that its N and S-poies are 
interchanged keeping its distance from the centre of the needle the same 
and again note down the deflections at the two ends of the pointer. 
Next transfer the magnet to the second arm_ of the magnetometer, and 
keeping its distance from the centre of the needle the same^ repeat the 
above determinations. Take down the mean of the above eight values 
of deflection of the needle which gives the mean value of 0 . Repeat 
the above observations for 6 twice with the same value of dy and 
take the mean. * , , 

(b) Oscillation experiment. Represent the magnetic meridian on 
a rigid horizontal table by a light chalk line, drawn with the help of a 
compass needle and a metre scale. Place the vibration magnetometei 
on the table with its longer parallel to the magnetic north and south 
line. 


Next place the compass needle inside upon the line marked oc 
the nlane mirror fixed to the base of the box and adjust the magneto- 
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meter, if at all necessary, tQ bring the index Mm on the plane mirror 
exactly in the magnetic meridian. 

Now place in the stirrup a brass bar of about the same mass and 
size as the magnet. If there is any twist in the suspension fibre the 
brass bar will turn round until the fibre is without twist. Take care to 
check the motionof the bar after every fen^ vibrations otherwise when the fibre is 
untwisted the inertia of thebar may cause it to twist in the opposite direction. 
When the bar at is re^t observe the angle between the bar and the index 
line on the plane mirror beneath it and turn tht torsion head through 
this angle so that the brass bar may rest parallel to the index line. Now 
holding the stirrup tight in position so that no further twisting of the 
fibre takes place, remove the brass bar and put in the magnet used in the 
deflection experiment with its north pole pointing towards magnetic north. 
The magnet should be hid flat on the stirrup so as to lie perfectly hori- 
zontaL When the magnet comes to rest it must be parallel with the 
index line. Then close the sliding glass window of the box taking care 
not to disturb the magnet when the sliding cover is put on. 

Now rotate the suspended magnet through a small angle about 
its axis of suspension by bringing slowly and cautiously towards it another 
presented end on with its north pole towards the north pole of the sus- 
pended magnet. Then take away the second magnet immediately to a 
sufficient ^stance from the suspended magnet when the latter will start 
oscillating about its position of rest. Determine twice with an accu- 
rate stop-watch the time for a large number of oscillations of the magnet 
say, 30 and calculate its Repeat the observations for 

period of the magnet with altered of oscillations and find out 

the value of T. 

Next locate the position of the poles of the magnet by tracing 
a few lines of force in the neighbourhood of each pole of the magnet. 
The two points one near each end of the magnet at which the lines of force seem 
to start or terminate correspond to the positions of the two poles. Measure 
the distance between these two points which gives the effective length 
il of the magnet. Then weigh the magnet, determine its length and 
breadth (horizontal) and calculate the moment of inertia I of the magnet. 
Finally calculate the value of M and H from the equations (24’ 14) and 
and (24’ 1 5)- _ 

Sources of error and precautions, (i) The magnetometers 
should be placed on a rigid table preferably of stone. The bases of 
the magnetometers must be in perfect horie^pntal level and once the 
instruments have been adjusted, they should not be disturbed through- 
out the whole experiment. 

(2) All pieces of magnetic materials and current-bearing con- 
ductors should be removed to a considerable distance from the mag- 
netometers. 

(3) The dimensions of the magnet should not be measuredl bet- 
ween the deflection and oscillation experiments as contact with steel 
measuring instruments, e.g.^ vernier callipers, may affect the magnetic 
moment of the magnet. 
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For deflection experiment only 

(4) The magnet should be so placed on the arms of the magne- 
tometer that its magnetic axis when pfoduced passes through the centre of the 
magnetometer needle^ otherwise the eight values of deflection of the needle 
obtained as explained under method, will differ appreciably from the 
mean value of deflection. 


(5) When the deflection of the needle from the magnetic meri- 
dian is 45®, the readings of 9 will be least liable to error, for if dQ be 
the small change in the value of 9 corresponding to a small change d¥ 
in the value of the field F at the centre of the needle due to the bar 
magnet, then since 

F=sH tan B 

we have <3fF=H sec® dB 


and 


d¥ 

F 


sec® B 
tan B * 


dB 


2 

sin zB * 


dB 


For greatest accuracy of reading ^ F/F must be the least, dFjF 
is minimum when sin 20= i or 20=90®, 0=45®. When 0=15® or 

75®, the relative accuracy of reading is half of that at 0= 45®, and with 
0 <15 or0> 75 it is even less than this. 

The effective length 2/ of the magnet is a quantity which cannot 
be determined accurately^ Hence in order that the percentage error 
in the value of the term (i® — fl) may be small ^ should be kept fairly 
large compared with /. Further the larger the value of the greater 
is the uniformity of the field at the needle. Hence for greater accuracy of 
result the deflection should be in the neighbourhood ^/45®, and at the same time 
d should be quite large. 

(6) While reading the position of the pointer on the circular scale 
the eye should be placed in such a position that the pointer covers its 
image in the plane mirror otherwise a considerable error due to 
parallax may be made in reading the position of the pointer. 


(7) As the pivot on which the needle rotates may not be exactly 
at the centre of the circular scale, both ends of the pointer should be 
read thus avoiding error due to eccentricity of the pivot with respect to 
the circular scale. 

(8) If the^ deflecting magnet is not magnetised uniformly y its 
magnetic centre will not coincide with its geometric centre^ and hence 
d will not represent the correct distance between the centre 
of the needle. Observations for deflection of the needle should, 
therefore, be taken fiirst with one pole of the magnet pointing 
towards the needle and then, by reversing the magnet end for end, 
with the second pole pointing towards the needle. 

(9) As the pivot of the needle may not be exactly coincident 
with the zeros of the linear scales fixed along the arms of the 
magnetometer, the observations for deflection of the needle should 
be taken with the magnet placed in a similar position on both the 
rms of the magnetomster. 
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For oscillation experiment only 

(10) The stirmp for holding the magnet should be very light 

so that its moment o£ inertia about the axis of rotation may be 
neglected when compared to that of the magnet. It may be made 
of thin aluminium wire or the stirrup may be dispensed with 
altogether and the magnet suspended in a double loop made at the 
end of the suspension fibre. __ 

(11) In the derivation of the formula / - h ...s the tor- 

^ V MH 

sional reaction due to suspension was supposed to be negligibly 
small. The stirrup should, therefore, be suspended by a silk fibre. 
But, if the fibre is twisted initially, the torsional reaction may be 
quite appreciable even with silk fibre. Hence the suspension must 
be let untwist itself slowly under the weight of a non-magnetic 
bar of the same mass and size as the magnet and the 
should be rotated until the bar rests parallel to the magnetic meridian. 
If horse hair is used for suspension, there is no initial twist. 

(iz) The oscillations of the suspended magnet should be 
started by means of another magnet presented d?/? with its 

north pole towards the noith pole of the suspended magnet so that 

the motion of the magnet is rotational in a horiv^ontal plane, 

(13) The amplitude of oscillation of the magnet should be 
very small^ say about 5° to satisfy the condition of theory that 
sin ^==0. 

(14) The oscillations of the magnet should be observed with 
the eye placed vertically above the rest position of the magnet and 
should be timed with reference to the index line on the plane 
mirror with an accurate stop-watch correct up to 1/5 of a second. 

Observations. \A] Determination of 9 


Deflection of the pointer with the magnet on the 


I Distance of 
the centre 
of magnet 
from the 
needle 


East arm 


West arm 


N. pole to- S. pole to- N. pole to- S. pole to- 
wards needle wards needle wards needle wards needle 


Rt. Eft. Rt. Lft. Rt. Lft. Rt. Lft. c eo 

end end end end end end end end S c 

B S 
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[B[ Detemmation of T, 

Least count of stop-watch == sec. 


S. No. 

No. of 
oscillations 

Time taken 

Period 

T 

min. 

sec. 

sec. 

I 

50 



* 

z 

** 




■A 

25 




4 

>9 



i 


Mean 


[C] Distance between the poles of the 

magnet- 
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Result, (a) The value of magnetic moment of the given 

magnet = webersxcms. 

(b) The value of the bori^iontal component of earths mag- 

netic field in the laboratory at = oersteds. 

Standard value of H at ^ oersteds. 

Percentage error = . 

Criticism uf the method. The method ^ 

satisfactory result. For greater accuracy the value o 

corrected for : ^ , 

(i) finite amplitude of oscillation of the magnet, ^ 

(ii) the moment of inertia of the stirrup in the vibration mag 
netometer, 

(iii) the torsional reaction of the suspension fibre and 

(iv) the change in the magnetic moment of the magnet •when 

oscillating due to inductive action of the field. ^ ^ 

The principal defects of the method are the ^ 

mining accmately the distance 2 / between the poles of the magn 

rtop«cd«bii.7 of g«tiog .oiBUo 

pointer-over-scale system of S mirror 

accuracy, but this can be delecuon by lamd 

vertically at the centre of the needle and 
and scale or telescope and ^oale Mrangement 

meter needle is not sufficiently short, t^ e e saddled with a long 

solutely uniform ; and as the needle is pivoted and 

pointer, the frictional resistance to its movement is also not «ogUg^ 

To get better results for the value of H more accurate instmmen^^^ 

presence of a magnetic earth’s field, 

""tJLlTdnfpl %iSTipiro^l 

matelj tomrdi ^ograpkcal north. The magnetic 
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hypothetical magnet does not coincide with the earth^s geographical 
axis. The lines of force in earth’s field do not lie parallel to the 
earth’s surface but are inclined to it, and hence a compass 
needle suspended so as to be able to take up any direction sets 
itself in the direction of the earth’s magnetic force and is found 
to be inclined to the horizontal. A magnetic needle capable of 
totation in a horizontal plane takes up a direction corresponding to 
rhe projection of the lines of force upon this plane for then it is 
acted upon only by the hcrizontal component of the earth’s field. 

The intensity and direction of earth’s field vary from place to 
place but within regions of not too great extent, the earth’s mag- 
netic field can be regarded as uniform^ for the lines of force at 
a place are parallel straight lines and even the most sensitive 
methods fail to detect any force tending to produce translation in a 
freely suspended magnet. 

To determine earth’s magnetic field at a place completely, the 
following three quantities, known as the magnetic elements at that 
place, have to be determined:^ — 

id) Declination ot v3in2.tioa^ 

(b) Dip or inclination and 

{c) Horizontal component H of the earth’s total magnetic in- 
tensity. 

Declination or variation at anj place is the angle bet men the magnetic 
meridian and the geographical meridian at 
that place. In the Fig, Z4*9, PGKO 
represent a part of the geographical 
meridian at a place where QP is the 
geographical north and south line 
and PMNO represents a part of the 
magnetic meridian where E.P is the 
magnetic north and south line. 

/,GPM is the declination or varia- 
tion. 

Dip or inclination at any place is 
the angle which the direction of eartF s 
total magnetic intensity makes with a 
horizontal line in the magpetic meridian 
at that place. In the fig. 24*9, PB 
represents the direction of total 
magnetic force of the earth’s field. 

/.MPB is the dip or inclination. 

The dip is measured with a dip 
needle, i,e,^ a magnetic needle 
capable of free rotation in a vertical 
plane about a horizontal axis. The 
angle which the magnetic axis of the dip needle makes with a 
horiermtal line in the magnetic meridian gives the value of dip. 




magnetic measoeements 
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If H and V be the horizontal and vertical components respectively 
of earth’s total magnetic force I, and ^ the angle of dtp. 

H=I cos ^ and V=Isini^ 
or tan ^=V/H and 1 

#rhe values of « and H are usually determined expermentally 
and those of I and V calculated from them with the help of above 

equations^ , 

The earth’s magnetic elements vary f^om place to place an 
also from time to time at the same ^ 

called secular changes have a period of ^'^iiations 

4ailv and yearly changes are very small. ^The daily variati n 

are very irregular but are distinct from the effects 

storms which cause large and irregular fluctuations and which are 

usually unpredictable. 

Oral questions 

tVie terms - oole-strength and magnetic moment of a magnet^ 

E’S 

Xt° ar"e uSt .tubes offeree and t Thafk bteS^of 

to pol^rengA 

to compare the magnetic ™°“ents of ^ m^e s ^ g t^-position of Gauss 
fields? Is it &e null or p What are other methods of comparison of 

which gives the max™ ac^mey ?_ mat ^^^^ inerits and demerits of 

r&taSKai's.srsL^;Soiof«..«i.~> 

determination of m and h 

a. y- 

do you measure H with the help otvmmuon enclosed in a box? 

Describe the deflection —gn longer one ? Why is the needle made 

Which istheneedle.the*one^one«tte one?^ W Couldnotthe 

very smt^ ? , or the needle made sufficiently long so that the latter 

Circular scale be made snort o winat are the requirements of an ideal 

^nifb^SToriroTinffih^se? my* k V pointer attached at 
the r^le and, not parallel to it? How can you measure very 

Mow'd™ adjust the deflection magnetometer for A tangent position of 
vod nerform the deflection experiment in A tangent position and 
Gauss ? Why you p _ ^ magnet on the arms of 

not mB tangent position of G ^feedle deflected when the magnet is 

the magnetometer WhY^ h there no deflection when 

placed on the atms “TtrS^^ets -11 method? What is the 

comparing ma^ett^ mom^t ^ fj^^ arevhe two essential conditions foi 

“tangent law of two magne . ^ ^ uniform field at the centre of the^ needle e 

m?Kou“aius“ffie delectiL in the neighbourhood of 45° ? « you to get 
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deflection in the neighbourhood of 45° for fairly large values of d, what should be 
the limits between which the deflection must lie ? Why do you read both ends of 
the pointer ? Explain with a diagram how the error due to eccentricity of the 
pointer with respect to the circular scale is eliminated by reading both ends of the 
pointer? Why is the plane mirror flixed below the needle ? Why do you reverse 
the magnet end for end ? Why do you place the magnet on both th«5 arms of the 
magnetometer? 

Describe the vibration magnetometer. Why is the stirrup forholding the 
magnet made very light ? Can you not dispense with it altogether ? Why is the 
suspension made of silk fibre or horse hair and not of cotton thread ? Why do 
you prefer horse hair^ to silk fibre ? On what factors does- the period of a magnet 
depend when oscillating in a uniform magnetic field ? Is it essential that the 
field should be uniform? To keep the field uniform a short needle is used in the 
deflection magnetometer while in vibration experiment the oscillating magnet is 
quite big ; why do you not object to this ? If you are given two magnets of the 
same size and mass, how can you determine which has got greater pole-strength ? 
Which is stronger: a magnet oscillating quickly or the one swinging slowly in 
a uniform magnetic field ? Why do you level the vibration magnetometer ? Why 
do you place it on a rigid table? How do you remove the twist from the sus- 
pension fibre ? What is the harm if this twist is not removed ? Can you use an 
iron bar in place of brass bat ? Is it necessary that its mass and size should be nearly 
the same as that of the magnet ? When the twist has been removed why do 
you turn the torsion heaa to set the bar parallel to the magnetic meridian ? 
Why is a plane mirror fixed at the base of the oscillation box and what is the use of 
the line marked on it ? While replacing the bar by the magnet, is there any 
harm if the stirrup is not held tight ? Why should the magnet be placed perfectly 
horizontal ? How do you start the magnet oscillating ? Why should the ampli- 
tude of oscillation be small ? Why do you place your eye vertically above the rest 
position of the magnet when timing the oscillations ot the magnet ? What are the 
defects of this method of measuring H ? Which is the most accurate method of 
determining H and why ? 

What are Earth’s magnetic elements at a place ? Are their values constant 
at every place and remain constant with time ? What is dip and how is it measur- 
ed ? Do the north and south poles of the Earth exist individually or connected 
together like those of a magnet ? How can the latter be possible at all when the 
Earth is known to be not entirely made of iron. 



Chapter XXV 

MAGNETIC EFFECTS OF CURRENTS 

^5 X. ■ Magnetic field due to curfent in a conductor. 
When an electric current is started in a conductor, immediately a 

magnetic field is established 
in the space around the 
conductor. The conductor 
itself does not become a 
magnet for it does not 
possess any magnetic poles 
neither can it attract iron 
filings. The nature or form 
of the field depends upon 
the shape of the conductor 
and can be explored with 
iron filings or a compass 
needle in the usual manner. 

. ^ The intensity F of the 

Fig. 25 •! magne He field at a point P 

due to a short element of the conductor as shown in fig 25*1, is (/) directly 
proportional to the apparent length of the element as seen from 
the point P, (//) directly proportional to the strength / of the 
current and (/«) inversely proportional to the square of the distance 
^ of the element from the point P. Thus 
„ ab sin a 

The unit of current is so chosen that /fe=i. Hence 
F =/ ah sin 

The above rule for calculating the intensity of the magnetic 
field at a point due to a small element of a conductor carrying 
current is known as haplace^s rule. The rule is applicable to each 
of the small elements of a current circuit and hence can be 
extended to the whole circuit. The direction of the field is dependent 
upon the direction of the current and can be obtained from 
any of the following rules : — 

{a) Look along the conductor in the direction of the current, 
the magneiic lines of force will go round in the direction in which 
the hands of a clock move, the north pole of the magnetic needle 
will be deflected in the clockwise direction. 

(b) Ampere^ s Rule, Imagine a man swimming in the direction 
of the current with his face towards the needle, then the north pole of 
the needle will be deflected towards his left hand. 

{c) Maxmll^s Corkscrew Rule ^ Imagine an ordinary right-handed 
screw to be twisted along the wire so as to move in the direction of 
the current, then the direction in which the thumb rotates is the direction 
in which north pole tends to move round the wire. 
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25*2. MagBetic Fieiddueto Litieat Cutrent. Refemng to fig, 
25*2, let AB be a straight wire carrying 
e. m. units of dectric current and P 
be a point at a perpendicular 
DP==^ from the axis of the wire. Let ab 
be a element of the wire at a dis- 
tance from P. Let the ^DP^=^, 
and the^ small angular increment d9b=^d0. 

The magnetic field iF at P due to the 
small element ab is by l^aplace's law 


given by 
oBsssi ab sin alr^ 

r 

But aV^rdO and 

i cos I 


t ah^ 


d¥ 


-d/cos G 

A 

de 


If the angles APD and BPD be 0^ and $2 
respectively, then the total field at P due 
to the whole conductor AB is given by 



. r^c 

01 


®cos 0 


« 01 + sin 0^) 

For a conductor of infinite length 0j^s=z0^z=:vlz and hence 
F =5 -^ oersteds 


If the current / be in amperes 

zi 

F == -^oersteds 

The magnetic field at a point due to a linear current^ therefore, 
varies inversely as the perpendicular distance of the point from 
the conductor and is the same at all points at the same distance from 
it. The direction of field at P is at right angles to the plane through 
P and the axis of the wire and hence the field has no compo- 
nent in that plane. The magnetic lines of force are, therefore, circles 
in planes perpendicular to the axis of the conductor with their centres 
on its axis. In practice, however, the field in the neighbourhood 
of the conductor will be the resultant of the field due to the straight 
conductor and that due to the earth. 


Experiment 25.1 

Object. (/) To plot the resultant magnetic field of a vertical 
straight current and the earth in a horizontal plane, 

{ii) to show that the field due to the straight current varies inversely 
as the distance, and ^ ^ ^ 



(m) to calculate the value of the horizontal component of earth’s 
magnetic field from the position of the neutral point. 

Apparatus. A large rectangular framework covered with 
several turns of copper wire and mounted vertically as shown in 
fig. 15 •3, with one of its vertical sides passing through a drawing 
board centrally, a bulb resistance of about 140 ohms, a suitable 



Fig. 25*3 

rheostat, an ammeter, a compass needle,' a Searle’s oscillating 
needle, a stop-watch, a sheet of drawing paper and wax. 

Theory. Referring to fig. 25*4, let AB be the magnetic 
sast-west line passing through the axis of the straight conductor 
which cuts the lines of 
force in the resultant field 
of the straight current 
and the earth at points 
Xi, Xg, X3, etc., on the 
opposite side of the 
neutral pointy If prent 
tangent is drwn at any 
of these points, say the 
che corresponding any line 
force, the tangent will lie 
in the magnetic north- 
couth direction. This is Fig. 25-4 

because the lines of force in the field of the straight current alone are 
concentric circles. Evidently the resultant magnetic field at Xj is 
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(F+H), where F is the field due to the straight carreat and H the 
horizontal component of the earth’s field. 

Now, if a Searle’s needle be allowed to oscillate at Xj, its 
of oscillation is given by 

' •T: 


ZTt 


This gives 


J 


1 


F+H 


47rn 


M(F-hH) 

C 


(25*2) 


MT^ 

where C==4^r^I/M is a constant. 

If the same needle were allowed to oscillate in earth’s field alone 
its period would be 


T == 27 r 


/_!_ 
V Mi-i 


whence 


H 


25 - 3 ) 


Mi-i 

4fl-2I _ C 

Subtracting equ. (25*3) from equ. (zj'z), we have 

If the field due to the straight current varies inversely as the 
distance 

F = A 
r 

where r is the distance of the point Xi from the conductor and k 
is a constant of proportionality, hence we have 

or r 7— ^ = A== K, another constant 


<T2 rj 

Equ. (25*4) can also be written as 


C 


(25-4) 




K 


^^2 


+ 


T 

■*0 

ijr as abscissae and 


i/T2 as 


If a graph is plotted taking 
ordinates, it should come out to he z straight line with an intercept on 
the Y-axis equal to i/To^. 

At the neutral point the field due to the straight current is- 
znijiod^ where d is the distance of the neutral point from the 
conductor,/ the current in flowing through it and is the 

number of turns of wire in the conductor. Since at the neutral point 
resultant field intensity in the horizontal plane is s(ero^ the field due to 
the straight current is exactly and opposite to the horizontal com- 
ponent H of the earth’s fieli Hence 

, II oetStedS-' ■ ■ ' ■'-(zs'l)' 


Method. Fix with wax a sheet of drawing paper on the drawing 
board in such a manner that the vertical side of the rectangular frame- 
work carrying the straight conductor passes through the paper centrallj. 
With the help of the compass needle draw the magnetic north and south 
Hne, on the drawing paper by a fine arrow. &nnect the two open 
ends of the straight conductor to the mains through a bulb resistance, 
an ammeter and a suitable rheostat all in series^ the value of the bulb* 
resistance being so chosen as to produce a current of strength between 
one and two amperes. 

After the electric connections have been completed and thoroughly 
checked, start the current in the conductor when a magnetic field due 
to the current in the conductor will be produced in the space around 
it. With the help of the compass needle, trace on the drawing paper- 
in the usual manner, the magnetic lines of force in the combined field, 
of the straight current and the earth and locate the neutral point. The 
neutral point will lie due magnetic east or west of the conductor ac- 
cording as the current is flowing downwards or upwards through the 
conductor. The neutral point #ill &und to be enclosed by four 
sets of lines of force forming a curvi 4 near quadrilateral. Diminish 
the area of this quadrilateral by tracing lines of force within it. When, 
the areai^.the quadrilateral has been considerably reduced, its center 
will give" tbe position of the neutral point. Around the neutral point 
mark a circle of needle’s size and measure the distance d of the neutral 
point from the straight conductor. Then , note down the reading 
of the ammeter and calculate the value of H from equation (25*5). 

Now with the help of the compass needle draw the magnetic 
east-west line through the axis of the conductor, and on the opposite 
side of the neutral point mark on this line a number of poins Xg, 
Xg, etc., at known distances etc,, from the coductor. Al- 

low 2iS earless needle to oscillate at any one of these pots, say Xj in 
the resultant Reid (F+H) 2 .nd note down the time taken byitto complete 
20 oscillations and thus fiiid out the period of oscillation of the needle 
at Xj. Then allow the needle to oscillate at other points and determing 
as before the period of oscillation T at the various points. Now switch 
off the current and determine the period of oscillation Tq of the needle 
at any point in the earth’s field alone. For each point x^, x^, etc., calcu- 
late the value of the expression r )* This will be the same 

for eacl) point. Plot a graph taking i/r along the X-axis and i/T^ 
along the Y-axis. This will come out to be a straight line with an 
intercept on the Y-axis equal to i/Tq^. 

Sources of error and precautions. (i) All magne&c 
materials, current-bearing conductors and the mains should be at ^ * 
considerable distance from the straight conductor ^ otherwise 
the field produced in the space around the conductor will be more 
complex in character than that which is intended to be produced- 
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Conaectioas of the straight conductor with the rest of the circut 
should be made by flexible wires twisted together so that the 
passage of current through them may not affect the field of the 
straight conductor. 

(2) The magnetic meridian should be represented on the 
drawing paper by a fine arrow and once this magnetic north and 
-south line has been drawn, the paper should never be disturbed 
throughout the experiment. 

(3) Unless it is a hot-wire instrument, the ammeter should be 
,kept at a sMffkient iXstmcQ from the conductor as most ammeters 
contain a strong permanent magnet. 

(4) The current flowing through the straight conductor should 
be of one to two amperes so that a strong magnetic field is produced 
in the space around the conductor and hence the neutral point may 
be at a considerable distance from it. Further, the magnetic field pro- 
duced should be steady and hence the reading of the ammeter should 
remain constant during the experiment, the rheostat being adjusted 
from time to time, if necessary, to keep the current constant. 

(5) After tracing a magnetic line of force, its direction 
'Should be clearly marked by an arrow head. 

(6) For determination of T SearWs should be allowed to 

oscillate only at points lying on the magnetic east-west line passing 
through the conductor and on opposite side pf the neutral point, 

(7) The amplitude of oscillation of the needle should be 
-small, say 3 or 4. 

(8) The gcaph between i/r and i/T^ should be a straight line 
^nd should be smoothly drawn. 

Observations. [A] Determination of H 
(i) DlstzncQ oi the neutral point horn the condnctor d = cm. 
(//) Current through the circuit i = amp. 

(/;/) Number of turns in the conductor « = 


[B] Determination of T 

Least count of stop-watch = sec. 


Set 

j Distance r 
of point X 
from conductor 
cm."' 

No. of 
oscillations 

Time 

taken 

Period 

' ■ sec.; 

Mean period 
T 
sec. 

min. 

sec. 





, 'i 





' 






■ ■( X'J' ' ■ ■■■- 








MAGNETIC EFFECTS-’ OF PURRINTS 


4ai 


(C) Determination of Tq 



No. of 

Time taken 

Period 

S. No. ■ 
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Mean 


Calculations 


Point on 
graph 

I 

r 

1 

T2 

' [^-^0 





For point Xi,/ 

= cm.. 

T= 

sec. 


1 


1 


-]■ 


L T ‘2 T ^ 

(N.JB. — Similar calculatioas may be done for other points) 

H= 

loa 


== oersteds 

Result, (i) The graph between i/r and i/T^ is a straight 
line showing that the field due to a straight current varies inversely 
as the distance. 

(/V) The value of horizontal component of earth’s magnetic 


field H in the laboratory at...... == oersteds 

Standard value of H at...... = oersteds 

/. Percentage error == 


Criticism of the method. It is not an accurate method 
of determining the value of the horizontal component of earth’s 
field for the resultant field due to the linear conductor and the 
earth is liable to be affected by the presence of neighbouring 
apparatus carrying current. The magnetic field in the neighbour- 
's! 
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hood of the neutral point is very and the behaviour of the 

needle in this region becomes almost uncertam^ The position of 
the neutral point cannot, therefore, be correctlj located and hence 
the accuracy of result cannot be expected to be great. 

25*3. Magnetic field at centre of a circular current. 
Let a conductor AB be looped in a 
circle of a radius r as shown in 
fig. 25*5 and let it carry a current of 
ij, m. units. The field at the centre C 
of the circle due to a small element ab 
IS given by 

d¥=:iahjr^ 

and the total field at C due to the 
whole conductor is given by 

^ Fig. 25 V 5 

Now since each small element of the conductor is similarly situ- 
ated relatively to C, the distance r of the element from C is the same 
for all elements and hence 

But %ah = 2wr 

F = iTrsjr oersteds — (^ 5 *^) 

If the conductor is a circular coil consisting of n turns and 
the mean radius of the coil is r, the field at the centre of the coil 
is given by 

F=zirnljr oersteds (25*7) 

If the current flowing through the conductor is i amperes 

„ zirni , 

Fsss oersteds 

10. r 

The direction of the field at C is at right angles to the plane 
of the coil and may be determined by any one of the rules given in 
§ 25*1. But the following rule is very convenient : — Looking at the 
face of the coif if the current is clockwise^ the direction of the field inside the 
coil is away from the observer; if the current is counter-clockwise the direction 
of the field inside the coil is towards the observer. Within a small region 
at the centre of the coil, the magnetic lines of force are approxi- 
mately parallel equidistant straight lines, Le., the field is practically 
miform* ■ , 

■ ' 25"4. . Units . of - . current strength and quantity of eJec- 
trieity. Equation (25 gives us a definition of unit current 
which is called absolute or C. G. S. electromagnetic of unit current 
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^tttngth^: ^hc\absoluU unit oi current is that current which 
when flowing in a wire i cm. long bent into an arc of i cm. radius 
produces a magnetic field of intensity i oersted at the centre 
of the circle or exerts a force of i dyne on a unit pole placed 
at the centre. This absolute e, m. unit of current is rather 
large and for practical work another unit called ampere (after Am- 
pere) which is i/io of the absolute unit is used. Thxis ampere 
is the unit of current and is that current which when flowing 

through a wire i cm. long bent into an arc of a circle of one cm. radius exerts 
a force of o*i dyne on a unit pole placed at the centre. The ampere thus 
defined is called ''true ampere.” 

One true ampere=i/io e.m. unit=3Xio® e. s. units. 

Since quantity of electricity conveyed^ current strength X time in 
seconds, the C, G. S. electromagnetic unit of quantity of electricity is 
the quantity conveyed by the electromagnetic unit current in one 
second. practical unit of quantity is the coulomb (after Cou- 

lomb) and is i/io of the absolute or C. G. S. e. m. unit of quantity. 

Thus (true) coulomb is the quantity 
of electricity conveyed by a current 
of one (true) ampere in one second. 
One true coulomb=i/io e. m. unit 
= 3X10® e. s. units. 

Another practical unit of quan- 
tity is termed the ampere-hour and 
is the quantity of electricity conveyed by 
a steady current of one ampere 
flowing for one hour. 

One ampere-hour = 60x60= 
3600 coulombs. 

25*5. Tangent Galvanome- 
te As depicted in fig. 2 5 ‘6, the 
tai.gent galvanometer consists es- 
sentially of a magnetic needle pivo- 
. . ted or suspended at the centre of a 

circular coil consisting of many turns of insulated copper wire, the plane 
of the coil being The magnetic needle is and the 

radius of the coil large compared with the needle so that the field 
due to the current in the coil in entire space in which the needle 
moves may be and equal to the field at the centre of the 

coll. At right angles to the needle is attached a light aluminium 
pointer which reads off the deflection of the needle on the hori2ontai 
circular scale graduated in degrees. The needle, the pointer and the 
scale are enclosed in a metal box with glass cover to shield 
them from air draughts. Below the needle at the base of the box 
is fixed a plane mirror with the help of which errors due to parallax in 
reading deflections are avoided. To level the instrument the base 
is provided with three levelling screws. 

The Pye tangent galvanometer usually employed in labora- 
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tories has 500 turns of copper wire wound on the circular frame 
which terminate in four binding screws. Between the^ first and 
second terminals there are only two turns of wire which have a 
resistance of about 0*02 ohms. This is known as arntneUf coil and 
is used with strong currents. Between the first and the third 
terminals there are 50 turns of wire which have a resistance of 
about 1*1 ohms and are used with, mderate currents. ^ Between the 
first and the fourth terminals there are 500 turns of wire haying a 
resistance of about 226 ohms. This is called voltmeter coil and is used 
with mak currents. 

To use the instrument the plane of the coil is set in the mag* 
netir- meridian when the needle and the coil ’will lie in the same 
vertical plane. Then the current to be measured is passed through 
the coil and the deflection ^ produced in the needle read off on the 
scale. Since the field F at the centre of the coil is perpendicular 
to earth’s horizontal field H, we have from equ. (24*5) 

F=H tan 0 

If the current / be in e.m. units, the value of F from § 25*3 
is also given by 

F^zvnijr (25*7) 

Equating the two above expressions for F, we get 
27 f«//r=H tan $ 
rH 

whence . i = tan 6 (25-8) 

Fi 

f I =="-~g“ tan (9 (zyBa) 

where G = 2 tt n/r is called the galvanometer constant or coil constant. 
It depends only on the radius and the number of turns in the coil and 

h^nce is 2. constant fox 2. golYmomctex* 

Putting 2 7 F njr = G in equation (25*7) above, wt get 

. F=G / ' ' ' ■ 

If /=i, G = F, /.tf., the galvanometer constant Is numerically 
equal to the strength of the magnet field at the centre of the coil due to unit 
current in the coiL 

Now putting H/G = K in equ. (25*8<^) above, we get 

/ s=:K tan 0 (25-9) 

where K Aesxotes the reduction factor of the tangent galvanometer. This 
is a constant which when multiplied by fije tangent of the angle of deflection 
gives the current in the galvanometer. Since its value is it 

depends upon the radius : of the coil and the number of turns in it 
and also on the value of horizontal component of the earth 
magnetic field. Hence it is a constant for a galvanometer at a 
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f articular place but varies for the same galvanometer from place 
to place. 

When ^==45^, tan ^=1, and hence from equ. (25*9) 

K=:/ , , 

^.5 the redBCtion factor is numerically equal to the current required to 
produce a deflection 45® in the galvanometer. 

Experiment lyi 

ISl^ject. To determine the reduction factor of the two-turns 
coil of a tangent galvanometer using a copper voltameter and then 
to calculate the value of H, the horizontal component of the earti/s magnetic 
field. 

Apparatus. The tangent galvanometer, a battery, a rheostat, 
a commutator, a key, a copper voltameter, , a test plate of copper, a 
weight box, a chemical balance and a spirit level. 

Theory. Let the plane of the cpil of the tangent galvanometer 
be placed in the magnetic meridian and let a current of strength i 
amperes be allowed to pass through the coil. If the needle is 
deflected through an angle ^ from the magnetic meridian 

#= K tan 0 (^5*9) 

where K is the reduction factor of the tangent galvanometer. If 
the same current passes through a copper voltameter placed in 
series with the tangent galvanometer and if the mass of copper 
deposited on the cathode plate in / seconds be gms., then from 
equ. (27*1) 

Z i t (25'io) 

where Z gms. per coulomb is xhz electro-chemical equivalent oi 
(cupric) copper. 

Eliminating i between (a5 *9) and (25*10), we get 

This equation gives the value of K, the value of Z being already known 
from table of constants. 

Now, if n be the number of turns in the galvanometer coil and 
r be its mean radius 

10 r H 


whence 


K= 


H= 


2 Tvn 
2 TT «K 
tor 


oersteds 


(25>I2): 


of the copper 
or emery cloth 


Method, Clean the copper cathode plate 
voltameter thoroughly with sand paper and a rug 
until it is quite bright and weigh it in an accurate chemical balance 
correct up to i/io of a milligramme. Then level the compass bos 
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and also the base of the tangent galvanometer by means of levell- 
ing screws testing the leveUing with a spirit level. Now^ rotate 

the coil if it is movable, or the instrument as a whole if 


the coil is fixed, about a 
verkai axis till the cotl^ 
the needle and its image in 
the plane mirror^ all Ik in 
the same vertical plane. In 
the sposition of the coil, if 
the instrument is perfect, 
the aluminium pointer in 
the compass box, if the 
latter is fixed, will point 
o — o. If the box is, however, 
not fixed, rotate it without 
disturbing the position of 
the coil, till at least one of Fig. 25.7. 

the ends of the pointer 

stands at zero. Now using the test plate of copper as the cathode 
in the copper voltameter connect the tangent galvanometer (coiLof 
2 turns) through a commutator K to a battery i// series with, a suita- 
ble rheostat, key and the copper voltameter as shown in fig. 25*7. 
Start the current and after gently tapping the compass box with 
figur ; read the deflections at both ends of the pointer. Then reverse 
the current through the tangent galvanometer by means of the com- 
mutator and again read the deflection at the two ends of the pointer. 
If the values of readings for deflection before and after rever. 
sing the current in the tangent galvanometer differ, if at all, by more 
than 1°, slightly turn the coil until they agree as closely as possible. This 
sets the plane of the coil of the tangent galvanometer parallel to the magnetic 
meridian. Again level the galvanometer if necessary and then mark the 
positions of the levelling screws of the tangent galvanometer on the 
table. Adjust the rheostat so that a deflection in the neighbourhood 
45® or failing which between 25® and 65® is produced in the tangent 
galvanometer. 

Now stop the current and take out the test plate of copper from the 
copper voltameter. If the connections of the voltameter are correct 
the plate should be covered with a smooth salmon coloured deposit of 
copper. Now replace this plate in the voltameter by tht clean 
plate over which the depositof copper is to be made, taking care not 
to touch it with fingers but holding it from the top screw or between a 
double strip of paper. Then start the current and immediately stop- 
watch. Note down the deflection in the tangent galvanometer at the 
two ends of the pointer after every 5 minutes. Keep the deflection cons- 
tant by adjusting the rheostat, if necessary. When the current has 
passed for ten minutes, quickly reverse the direction of the current 
in the tangent galvanometer by means of the commutator, and 
again note down the deflection at the two ends of the pointer after 
every 5 minutes. At the end of another ten minutes stop the cur- 
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rent as well as the stop-watch. Find out the exact time / for 
which the deposition of copper has been made. Take the mean qi 
the above readings for deflection which gives the value of 

Next remove the cathode plate from the Voltameter and 
immediately immerse it in a jar of tap water already placed near the 
voltameter. This will remove the copper sulphate solution left on 
the plate. Then transfer the plate to another jar containing 
distilled water to which two or three drops of sulphuric acid per 
litre have been added. Next press the plate without rubbing 
between sheets of filter paper or clean blotting paper to remove 
the moisture as far as possible. Then dry the plate finally in warm 

air coming out of a hot-air blower. Weigh the cool dry plate in 

the chemical balance to the nearest tenth of a milligramme with 
the help of a rider and thus find out the mass m of the copper 
deposited. Then taking Z=o‘ooo3295 gm, per coulomb^ calculate 

the value of K from the equation (25 •ii). Finally putting «== 2 and 
using the value of r for two turns as specified by the maker, calculate 
^e vdue of H from the equation (25*12), 

of error and precautions, (i) The experiment 

%iould^ Be performed on a rigid table preferably of stone. The 
base of the tangent galvanometer and the compass box should be 
carefully levelled so that the plane of the coil is and the 

needle h free to swing in a horizontal plane. 

(2) The plane of the galvanometer coil should be set in the 
magnetic meridian otherwise the tangent law will not hold good. 

(3) When the tangent galvanometer has been *carefully le- 
velled and its coil placed in the magnetic meridian and the setting 
tested, the position of the levelling screws on the table should be 
lightly marked as a precaution against accidental displacement of the 
instrument. 

(4) All magnetic materials, current-bearing conductors and the 
mains should be at a considerable distance from the tangent 
galvanometer. The connections between the galvanometer and 
the commutator should be made by two flexible wires twisted 
together and they should lead away from the galvanometer so that 
the magnetic p eld produced by the passage of current through them has no 
appreciable effect on the needle. As there are only two turns of copper 
wire in the galvanometer coil, the effect of current in a.ny wire near 
the galvanometer on the needle is easily comparable "wit]! t\i& effect due to 
the current in the galvanometer coil itselfi 

^ sulphate solution in the copper voltameter 

should have a density of about 1*18 gms./c.c. and should be made 
slightly more acid than the aqueous solution of the salt by the ad- 
dition of 0*1% by volume of concentrated sulphuric acid which in- 
creases the conductivity of the solution. The total area of the 
cathode surface immersed in the solution should be about 50 sq.. 
cm. per ampere passing otherwise the deposit of copper on the 
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plate will not be smooth and firm and hence will be iiabl^^ sqale 
ojff. The area for deposition of copper can be doubled by depositing 
it on both sides of the cathode plate for which two anode plates 
connected together should be immersed in the solution one on each 
side of the cathode plate, 

(6) The cathode plate over which deposit of copper is made 
should be clean and free from any trace of brown oxide or grease ^ 
otherwise the deposits will not adhere properly and eyenly. The 
plate should be thoroughly cleaned with sand and rnoist rug, or 
with emery cloth or with sand paper or pumice until the surface 
da either side becomes quite bright. It should never be touched 
with fingers otherwise the parts touched will be rendered greasy, 

(7) The cathode plate of the voltameter, /.<?., the plate over which 
the deposit of copper is to be made should be connected to the — -ve pole 
of the battery or to a lower potential point in the circuit. The plate 
should always be weighed before and after deposit in an accurate 
chemical balance upto 1/ 10 of a milligram with the help of a rider. 

(8) ^ The strength of the current should be between 1*5 and 2 
apaperes so that in about 20 minutes a deposit of about | gm. of 
copper may be obtained. With weaker current a very long time 
is required to obtain a deposit sufficient to be weighed accurately. On 
the other hand, if the current is too strong a very large area of the 
plate has to be immersed in the solution (see prec, 5), otherwise 
the copper will adhere very poorly. 

(9) The .strength of the current should be kept constant when 
the deposition of copper on the plate is being made. The defiec- 
Uon in the tangent galvanometer should, therefore, be kept constant 
by adjusting the rheostat from time to time, if necessary. 

(ic) The deflection in the tangent galvanometer should be 
about 45° for then the readings of deflection would be least liable to 
error. In no case the deflection should be less than .25® and greater 
than 65®, (see prec. 5 expt. 58). 

(11) While reading the deflection in the tangent galvanometer, 
error due to parallax, 

(12) Both the ends of the pointer in the compass box should be 

error due to eccentricity of the pivot on which the needle 
rotates with respect to the circular scale. 

; (13) Readings of deflection in the galvanometer should be 
taken first with ^ current passing in one direction and then by 
reversing it to molA errors due to thermo-electric effects and due to any 
want of accurate setting of the galvanometer coil in the magnetic meridian, A 
commutator should be used to reverse the current in the galvanometer 
Without changing its directiori in the rest of the circuit. 

(14) When the cathode plate is taken out of the voltameter 
after the deposition ^of copper has been made, it should be 
immersed in a beaker or jar of tap water otherwise 
the delay will help in the oxidation of fine deposit of copper to copper 
'oxide,^ 
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^ Observations* [A] Determination cf m and t. 

Mass of cathode plate deposition of copper = gm 
Mass of cathode plate deposition of copper = gm. 
Time for which current was passed = min. sec. 

m Determination of ^ 
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the magnetic meridian and there 'is always an' uncertainty ■ in this 
adjustment,' 

(//) The needle is not always exactly at the centA. - of the coil. 

(Hi) Unless the coil has a single and exactly circular layer, the 
value of r is somewhat uncertain. The magnetic field is uniform only 
in a small spax:c at the centre of the needle and since the needle has 
^ finite site its movement can never be in an absolutely uniform 
field. 

The last two defects have been removed in Helmholtz modi- 
fication of tangent galvanometer in which the needle is placed 
between two coils in the uniform field produced by them. 

^ The friction resistance to the movement of the needle is not 
negligible for it is pivoted and saddled with a long pointer. The 
"pointer over scale method" of measuring deflections has a very limited 
accuracy. This can, however, be considerably increased by fixing 
a plaa:- mirror vertically at the centre of the needle and measuring 
the deflection by lamp and scale or telescope and scale method. 

25 6, Magnetic Field at a point on the axis of a 
Circular Current. Referring to fig. 25*8, let AB be a circular coil of 
radius r carrying an electric current / e.m. units and let P be a point 


V It 



on the axis of the coil at a distance x from its centre. The 
magnetic field at P due to a small element ah of the ^ coil is by 
Laplace'*! law equal to i. ah at right angles to AP. This can be 
resolved into two components, one (iabjd^) cos a along the axis of 
the coil and another (iabjd^) ski a perpendicular to it. Considering the 
field at P due to the whole coil, the compontats perpendicular 
to the axis of the coil due to various elements will cancel each other 
and hence the total field at P due to the whole coil is given by 

Ti ^ 

COSJ 
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have 


Hence 


Now cos a=PH/PK. But from similar A*s HPK and OAP 
PH OA 


PK 


F=Z 


AP 

riab 


r 

_ 


cos a=ss 


r 

T 




43 

S ah 


the distance d of each element of the coil from P being the same. 

Now 2 i^^==2 IT f , and from A OAP, 

2 vr® i 

Thus for a coil consisting of n turns of wire and having a mean radius 
r, the magnetic field at a point P on its axis is given by 


F= 


zvn i 


if the current / be in amperes 
zirnr^i 

l0(x2+f2)3/2 


(25*15) 


(25 *14) 


When x=o, equ. (25*13) reduces to zvn ijr^ the same expression as 
that obtained previously for the field at the centre of the coil* 

If the values of field F and the corresponding values of x for 
various points on the axis of a circular coil carrying current be 
plotted on a graph, a curve as shown in fig. 25 *9 is obtained. The 
curve is at first concave towards O, the point corresponding to the 
centre of the coil, but the curvature goes on decreasing as x 
increases and soon changes its sign, the curve becoming convex 
towards O. At the point of inflection^ i,e,y where the curvature 
changes its sign ^^F/Ar^=o 


Now 


and 


zienrH 


dF 

dx 


(^24. ^2)8/2 


d^F 


dx^ 


^ ^(x24;.2)«3/2^ _ 3 ^ X (x 2 + r2)-5/a 
- 3 [(x2+r2)-“®/2— 5x2(x2-f r2)-’/2] 


W 



Now if 


d^F 

dx^ "" 


- 3a[x^+r^y^l^- 3X%x+r^)-^l^]^o 
or 5X^ 

Of 5X^==x^-l-r^ 

whence x r (25*15) 

Thus at the point of inflection x^\r* 
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At tjbis point the me of change of field d F]d"x is constant. Hence, if 
V two similar coils be placed with their axis CO 

incident and separated by a distance equal to 
the radius of either ^ and if the same current is 
passed through them in the same direction, 
the rate of increase of field due one coil at 
mid-point between the coils is equal to the 
rate of decrease of field dm to the other at the 
same pointy and as we mov'e along the axis 
from the mid-point any diminution In the 
intensity of the field due to one coil is exactly 



Fig. 25 'lo 

compensated by the in- 
crease in the field due \ , 
to the other so that 
the field between the 
coils is practically 
uniform. This fact is 
depicted in fig. 25*10 
and utilised in the 
Helmholtti tangent gal- 
vanometer, The vari- 
ation of field with 
distance for the two 
coils is shown gra- 
phically in fig. 25 •II. 

As depicted in fig. 

25*12, the Helmholt^^ tangent 
galvanometer consists of two 
equal coaxial coils separated by 
a distance equal to the radius 
of the coils. 

The needle is pivoted mid- 
way between them ; and the 
same current is passed 
through the coils in the same 
direction so that fields at the 
mid-point due to the two 
coils assist other. Putting 
x=rjz in equation (2 5 *1 3) and 
remembering that there are 
two coils, the total field at 
the mid-point between the 
coils is given by 



r 




z V n t 


U irlz^+r^ } 


V 




Fig 25*11 



Fig. 25*12 
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OX 


F= 


3 zTt n t 


When the planes of the coils are set parallel to the magmrtc 
meridim^ the field F is also given by 
F=H tan 0 

where J is the defiection of the needle from the magnetic meridian 
H the horizontal component of earth’s field. 

Thus from the above two equations, we get 
5 2 ir n i 


yV^r 


whence 




H tan 0 
%r 


TT n 

If the current i be in amperes 
}oV'5'‘ 

/ as: — 

32 vn 


H tan 0 


(2 5 •16) 


H tan 0 


Experiment 25.3 

Object. To plot graph showing the variation of magnetic 
fiwld with distance along the axis of a circular coil carrying current 
**11 d to estimate from it the radius of the coil. 

Apparatus. Tangent galvanometer of the Stewart and 
Gee type (Fig. 25*13) a storage battery, a suitable rheostat, a com- 
iOTutator and a plug key. 



Fig. 2 5 *13 

Description of Apparatus. The apparatus called Stetrars 
an 4 Gee tangent galvanometer consists of a circular coil of thin 
copper wire fixed with its plane vertical on a suitable horizontal 
bench, and a magnetometer compass box which can be slid on the 
bench so that the centre of the needle always lies on the axis of the 
coil. Along the bench on both sides of the coil is fixed a scale 
graduated in millimeters on which can be read off the distance of 
the centre of the needle from the centre of coil. 

Theory. Let the plane of the coil be placed parallel to the 
migr.etic meridian and let a current of i* amperes be allowfd 
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to pass through the coil. The magnetic field F at a point situated 
on the axis of the coil and at a distance x from its centre, due to the 
current in the coil is given by 

2 w H i 
lo 

where r is the radius of the coil and n the number of turns in it. 
The field F is perpendicular to the direction of the horizontal 
component H of the earth’s field and hence, if § be the deflection 
from the fnagnetic meridian of a compass needle placed at that 
points then from § 24*4, 

F=H tan B 


Equating the above two expressions for F, we get 


2 IT « r® / 

10 (x+r2) 8/a 


= H tan B 


If a graph be plotted taking the distances of various points along 
the axis of the coil from one end of the instrument as abscissae and the 


corresponding values of tan B as ordinates, the curve obtained 
will be as in fig. 25*15. At the point of inflection^ i,e,. where the 
curvature changes sign, x=|-r (see § 25*6); and hence the distance 
between the points of inflection P and Q on the two branches of the curve 
situated on the two sides of the line XC will be equal to r, the 
radius of the coiL The line XC which is equidistant from the 
points of inflexion will give the position of centre of the coil. 


. Method. Place the magnetometer compass box on the 
sliding bench so that its magnetic needle is at the centre of the coil 
Rotate the bench in a horizontal plane until the coil^ the needle and its 
image all lie in the same vertical plane. This sets the coil roughly in the 
magnetic meridian and hence its axis in the magnetic east and west direc- 
tion. In this position of the bench the pointer in the compass box will 
read 0—0 on the circular scale. 


Now without disturbing the above adjustment, connect the 


thin-wire coil through 
a commutator to a 
storage battery B in 
series with a suitable 
rheostat R and a plug 
key Kj. Then start 
the current and adjust 
its value by means of 
the rheostat so as to 



produce a deflection. Fig, 25*14 

say of about 75® in the compass box when the needle is at centre of 
the coil. If the' current is too weak to produce the above deflection 
the number of ceils in the storage battery may be increased. Now 
gently tapping the compass box with finger read off the de- 
flection at the two ends.' of the 'pointer. Then reverse the current 
in the coll by " means ,;, of .the ; commutator and again read off the 
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deflection at the two ends of the pointer. If the value of 
readings for deflect and after reversing the current in 

the coil differ by more than i®, slightly turn the coil with the 
help of the bench until they agree as closely as possible^ This 
coll in t\xc magnetic 

Now place the compass box on east or west arm at its end and 
note down the readings of deflection before and after reversing the 
current in the coil, and from the fptu: readings of deflection thus 
obtained, calculate ih^ ntean Value of 0 , Measure the distance" 
of the needle from the of the arm. Then shift the corbpass 
box along the bench by 2 cm. and determine the value of ff 
for another point measuring its distance again from the end of the 
arm. Continue to move the compass bqx on the bench in steps 
of 2 cm, and determine the value of $ for each position of 

the needle on the axis of the coil till the compass box passing through 
the centre of the coil reaches the other end of the bench or the deflec- 
tion is reduced to about ^ taking special care in determining deflection 
when X is nearly equal to rji. 


Next plot 


a graph taking the various values of distances of 

the centre of the needle 
from the end of the bench 
as abscissae and the cor- 
responding values of tan 
0, the tangent of the mean 
value of deflection, as or- 
dinates. This will con- 
sist of two symmetrical 
branches, as shown in fig. 
25*15. Find out the tv^p?^ 
points of inflection P slid 
Q on the curve and deter- 
mine the difference between 
their X-co-ordinates A and 
B w^hich gives the value of 
r, the radius of the coil. 

Fig. 23*15 



Sources of error and precautions. (i) All magnetic 
materials and current-bearing conductors should be at a considerable 
distance from the apparatus. 

(2) The plane of the coil should be parallel to the magnetic meri- 
dian^ otherwise the tangent law will not hold good, 

(3) The current through the coil should be sufficient to give 

a large deflection, say of about 75® when the needle is at the centre ot the 
coil and its strength should be The current through t^^ 

circuit should, therefore, be sent from a steady supply battery, 
e,g,^ a storage battery. 


(4) The error dm to parallax in reading deflection of the needle 
should always be avoided. 
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(^) Both ends of the pointer in the compass bos should Be 
read to avoid error due to eccentricity of the pivot on which the 
needle rotates with respect to the circular scale. 

(6) Readings of deflection in the compass box should be 
taken first with current passing in one direction and then by 
reversing iu 

(7) Since th.Q . exact position of the centre of the coil is not accu- 
rately known, the distances of the centre of the needle in all positions 
of the compass box should be measured from one of the ends of the 
bench. ■ 

(8) Since the curve becomes almost vertical in the neighbourhood 
of X = r/2, observations for deflection when the distan ce of the needle 
from the centre of the coil is approximately equal to half the radius oi 
the coil should be very carefully made bv shifting the compass box in 
steps of about a cm. 

(9) The curve showing the variation of tan B with distance shoul i 
be smooth. 

Observations. 


S No. 


Distance 
of the 
needle 
from om 
end of 
bench 


din 

set 

Rt.end 

Lft. end 


Deflection of pointer with current 


Rt. end 


Lft. end 


Mean $ \ Tan B 


Result. The radius of the coil as estimated from tht distance — 
tanOcvLiY&= cm. 

Radius of coil by measurement = cm. 

' ■ ' Percentage error - ■ 

Criticism of the method. The theory underlying the method 
assumes {a) that the plane of the coil lies exactly in the magnetic merh 
dian and is exactly (^) that the needle is infinitely smalK its axis 
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m txzctlf ' k its centre always lies esactly on the am of 

the coilj and (^) that the coil is exactly circular. These assumptions 
are obviously not all justifiable in practice and hence the result 
obtained by this method cannot be very accurate. Further tfic 
friction resistance to the motion of the needle is not negligible 
for it is pivoted and saddled with a long pointer. The accurac;y of 
the pointer-over-scaie method of measuring deflections is very limited 
and consequently the position of inflection points on the curve cannot 
be determined very accurately. 

Oral questions 

STRAIGHT CURRENT 

What is Laplace’s rule for calculating the intensity of magnetic field at a 
point due to small current-element ? How can you determine the direction of the 
magnetic field at a point due to a current in a conductor ? State the rules. How 
does the magnetic field at a point due to a straight current vary with the distance of 
ehe point from the conductor ? What is the direction of magnetic field at a point due 
to straight current ? What type of lines of force do you get in the field of a straight 
current ? What' will be the character of the resultant field of straight current and 
the earth? How many neutral points do you get in this case? Where will it lie ? 
How can you determine the value of H by plotting the resultant field of the straight 
current and the earth’s horizontal field ? What precautions do you observe in this 
experiment ? Why should the straight conductor be connected with tbe rest of the 
apparatus by flexible wires ? Why should the ammeter be kept at a distance from 
the straight conductor ? Why do you take current from mains ? Can an accumu- 
lator of E. M. F. 2 volts not do ? How can you accurately locate the position of the 
neutral point ? Why does the behaviour of the needle in the neighbourhood of tbe 
neutral point become uncertain ? What is the accuracy of the result obtainable by 
this method ? Do you know any other method of determining H ? 

TANGENT GALVANOMETER 

Describe the con stmetion of tangent galvanometer. Why is it so called ? 
What is the tangent law? Why is only a short needle used in the compass box ? 
What is the relation between current and the angle of deflection ? How is the 
needle of the T. G. deflected ? What are the twe fields ? Point out their direc- 
tions. How is the direction of magnetic field at the centre of the coil determined ? 
What are the factors on which the field at the centre of the coil depends ? 
Define e. m. unit of current and ampere and state their relation. What is meant by 
reduction factor of tangent galvanometer ? Explain its physical significance. 
Why is it so called ? What is galvanometer constant or coil constant of a T. G. ? 
Is it the same as R. F. of a T. G. ? Do their values remain constant at all places ? 
How does R. F. vary with (^) the number of turns (^) the radius of the coil and 
(^) the place of working ? How will you determine R. F. of a T. G. ? How can 
your result be verified ? What is the use of the pointer ? Why is it made of alu- 
minium ? Gan you replace it by an iron pointer or by a pointer made of straw ? 
Why is the pointer attached at right angles to the needle ? Is it at all necessary to 
attach it at right angles to the needle? Can you not do without the pointer? 
What is the purpose of the mirror fixed at the base of the box ? What is the harm 
if this error is not avoided ? Why do you place tbe plane of the coil in the 
magnetic meridian ? How will the deflection change if the coil be displaced from 
•the magnetic meridian ? How do you set the coil in the magnetic meridian^ and 
how is the accuracy of the adjustments tested ? What will be the deflection if the 
plane of the coil be placed at right angles to the magnetic meridian ? ^ Why ate 
both ends of the pointer read ? Why do you take readings of deflection with current 
direct and reverse ? What is the accuracy of observations with a T. G. ? How 
can it be increased ? Why should the deflection be in the neighbourhood of 45 ° ? 
What is the harm if the deflections are very small or very large? What is the 

32 
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wage in which deflections should lie ? What is the approximate resistance of your 
Instrument ? Of which wire is the coil of the tangent galvanometer made ? What 
Is meant by sensitivity of a galvanometer ? How can a T. G. be made more sensitive ? 
Is tangent galvanometer a dead-bead galvanometer? If not, how can you 
make it so ? Why are three levelling screws provided at the base of the instru- 
ment? How are the readings affected if the base of the galvanometer is not 
peifectly levelled ? How do you level a T. G. ? Having levelled the instmmene 
why is it necessary to mark the positions of the levelling screws ? What are the 
uses of a T. G* ? Why in the Pye T. G. there are three coils of turns 2, 50 and 
$00? What is a sine galvanometer?. 

How do you measure current in this experiment ? Why is copper volta- 
meter preferred to an ammeter to measure current ? Describe a copper voltameter 
and explain the reactions which take place when the current is passed through it. 
What should be the strength of the copper sulphate solution ? Why is some 
H2SO4 added to it ? Why do you connect the plate on which deposition of copper 
is made to the — ve of the battery or to a lower potential point in the circuit ? From 
Where does copper come to the cathode ? When the copper liberated at the 
cathode comes from the anode why don’t you weigh the anode plate before and 
after deposition of copper to get the mass of copper liberated ? Why are two 
plates used for the anode ? Is it necessary to clean the anode plates also ? What 
will be the harm if they remained dirty ? How do you clean the cathode plate? 
How should a clean plate be handled and why ? Why do you weigh the cathode 
plate to such a high degree of accuracy ? While removing the cathode plate from the 
voltameter after deposition of copper, why do you immediately immerse it into water ? 
How is the plate dried ? 

How do you measure H with a tangent galvanometer ? Discuss the accuracy 
in the value of H obtainable by this method, 

CIRCULAR COIL 

How does the field due to a circular current vary along its axis ? How does 
It vary with (<jr) the distance and (i?) the number of turns in the coil? Where is 
field maximum ? How do you find out the radius of the coil from the x — ^tan B 
graph? What sort of graph do you get in this case ? Why is the needle in the 
compass box very small ? Do you get uniform field around any point on the axis 
of the coil? If not, how can you modify the apparatus to get uniform field? 
What is an Helmholtz tangent galvanometer ? What advantages does it |)osses8 
over an ordinary tangent galvanometer ? What precautions do you take in this 
experiment ? Why do you use a storage cell for this experiment ? Can’t you use 
a Lecianche cell ? If not, why ? Discuss the accuracy of the results obtained In 
this experiment. 


r 


Chapter XXVI 

MEASUREMENT OF RESISTANCE AND POTENTIAL 
DIPFERENCE 


26-1. PoteBtial Difference and its Unit. When a cuX' 
rent flows througn a conductor, it gets heated. This is due 
to the fact that when electricity moves from one end of the con* 

# ductor to the other, it does so at the expense of a part of its electrical 
energy which is transformed into heat energy in the conductor. This 
mergj transformed into heat or work done when unit quantity of electricity 
passes between any two points equals the potential difference (P. D,) between 
those two points. If the work done or the energy transformed into 
I heat between the two points is unity when unit quantity of elec- 

I tricky passes betw’een them, then P. D. between the two points is also 

! unity. This gives definition of unit P. D. which is called the absolute 

I or C. G* S. electro-magnetic unit of P. D. The C. G. S. electro-mag- 

I netic unit of P. D. is too small for practical purposes and hence for 

I such work a bigger unit called the volt (named after Volta) which is 

! equal to lo® e.m. units is chosen. Thus volt is the practical unit of P. D. 

I and is equal to the P. D. between the two points which are such that the amount 

of work done or energy transformed into heat is one joule or ergs when 
; • one true coulomb of electricity passes between them. The volt so defined is 

j called the true volt. 

I true volt= io® absolute e.m, unit= 1/300 e. s. unit 

26*2. Ohm's Law and unit of Resistance. We know 
I that when the flow of liquid in a tube is streamline ^ the quantity 

i of liquid flowing through the tube per second is directly proportional 

! to the pressure diflerence between the ends of the tube. In exact 
analogy with this when a current is allowed to pass through a conductor^ 
^ the strength of the current through it is directly proportional to the P. D, be- 
tween the ends of the conductor j provided the physical state of the conductor 
remains the same. Thus mathematically 

l^kY 

where V and i are the P.D. and current respectively and A is a quantity 
characteristic of the particular conductor, which measures the capa- 
city of the conductor to allow electricity to pass through it and is called 
it% electrical This important relation between I and V 

is called Ohm*s law. 

Now V/I=i//fe=R 

where K^ijk is called the electrical resistance of the conductor for the 
greater the value of R^ greater must be the P. D. estabhshed for 
the same current through the conductor. 
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Now, if V and I each be equal to unity, R is also unity. 
Hence a conductor has a resistance of one absolute or C G. S, elec- 
tromagnetic unit if a P. D. of one e.m. unit applied to its ends 
causes a current of one e.m. unit to flow through it. The 
C. G. S. electromagnetic unit of resistance is too small for practical 
purposes and for such work a bigger unit called the ohm (named 
after Ohm) which is lo^ e.m. units is used. Tke resistance of a 
conductor is one ohm iphen a P, D. of one true mlt applied at its ends 
muse s a current of one true ampere to flow throng it. The ohm so defined 
is called the /m? ohm. 

I true ohm = absolute e. m. units == — e. s. unit 

9Xio^'^ 

Since conductivity is the reciprocal of resistance, the practical unit of 
conductivity is reciprocal ohm or mho. 

Since the resistance of a conductor remains constant so long 
as its physical state remains the same, attempts have been made to 
construct a standard ohm. The metal chosen for the construction 
of standard ohm is mercury, for it being a liquid is free from 
mechanical strains, and can be obtained in a chemically pure 
state by distillation and further its temperature can be kept constant 
more easily than that of any other metal The standard mercury 
ohm called the legal or ixiternatiotiai ohm is the resistance of a 
column of mercury of uniform cross section weighing gm, and 

measuring 10^' 100 cm, at o^C. This corresponds to an area of cross- 
section of about I sq. mm., but on account of difficulty of obtaining 
a glass tube of uniform bore the mercury standard is preferably 
specified in terms of mass of mercury present. The mercury 
standard is reliable to about i part in 50000. The international ohm 
is slightly bigger than the true ohm. 

I international ohm == i‘6oo52 true ohm 

26*3. Electromotive Force ( E. M. F. ) and Potential 
Difference (P. D.) We have seen above that whenever elec- 
tricity passes between two points of a conductor there is an expendi- 
ture of energy which is subtracted from the circuit and appears as heat 
between those two points. This implies that in order to maintain 
the Current in the circuit, energy must be continuously supplied to 
it by some source siuated somewhere in the circuit. This source may 
be a cell in which case the necessary energy is supplied by the chemical 
action inside it or it may be a dynamo in which case the energy is pro- 
vided by some kind of heat engine. But whichever may be the source 
of supply of energy in the circuit we say, from analogy of flow of water 
in^ a closed circuit where the flow is maintained by a mechanical effect 
of a pump which may be called the water-motive-force, that the cur- 
rent in an electrical circuit is maintained by an electrical effect 
called the electromotive force (E. M. F,). This E. M. F« of a source of supply 
of energy to an electrical circuit is measured ly the rate of working or the energy 
supplied per second when it is maintaining unit current 'in': the circuit and 
is thus clearly equal to the work done or energy transformed when 






t 
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unit quantity of electricity passes completely round the circuit 
containing the source. This work is equal to the surh of 
the work done to drive unit quantity of electricity in tht ex terniii 
circuit, 7'. <?., the potential difference V across the external resistance 
and the work done in driving unit quantity of elect ncity 

inside the source, hi?,, the potential difference v across the internal . 

resistance of the source ; and hence if E be the E, M. F. of the 
source of electrical energy in the circuit. 

E^V+t' 

But from ohm*$ taw V=I R (26*1) 

and v^l r 

where I is the current flowing through the circuit and R and r are 
the external resistance of the circuit and the internal resistance of the 
source respectively. 

Thus E=IR4-Ir (26*2) 

Dividing equ. (26*1) by equ. (26*2) we get 

^ JR^ 

£ R-j-r R-f-r 

whence V = E^ 

Thus the P. D. between the terminals of a battery or a dynamo 
is always less than its E. M. F. when it is supplying a current. If, how- 
ever, no current is being supplied by the source, h^., it h on open 
circuit^ the P. D. between its terminals equals the E. M. F. of the 
source. The E. M. F. is measured in the same units as the P. D. 

An E. M. F. like a mechanical force is a directed quantity and 

determines the direction of the current in the circuit. If there are 

more than one E. M. F. in the circuit the direction of current 

depends upon the resultant or effective E. M. F. in the circuit. 

An E. M. F. corresponds to energy transformation in a reversible 
process for, if an E. M. F. opposes the flow of current which is 
maintained by a bigger E. M. F. in the circuit then energy will 
be absorbed from the circuit at the smaller E. M. F. and not 
supplied to it and hence the energy of the source of E. M. F. opp osing 
the flow of current will increase at the expense of the energy of the 
source of E. M, F. maintaining the current in the circuit. On the 
other hand, P. D, has a direction which depends upon the direction of 
the current in the circuit and hence upon that of the resultant or eflec- 
tive E. F. in the circuit. P. D. corresponds to energy transfo rma- 
tions in an irreversible process for whichever may he the directio n of 
current in the circuit, P. D. will always correspond to the dissipation 
of electrical energy from the circuit in the form of heat. 

26*4, Combisiatioti of Conductors. When several con- 
ductors are connected in a circuit, the following general relationships 

" .hold :V".' 
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: (i) Law of ,, Resistors in Series. Referring to fig. 2 6* when 
several conductors are connected in series^ /. e.^ one after another so that 
tht same mrretit passes through them, tie total resist ana is equal to the 
sum of the individual resistances^ 


Rssrf^, +.r2+r8+... —2^0 Wv-~-->*vV\A 

Fig. 26 ’i 

(2) Law of Resistors in Parallel. Referring to fig. 26*2, when 
several conductors are 
connected in parallel^ 

one end of ail 
conductors is joined 
to one point of the 
circuit and the other 
end of all conductors 

is joined to a second p. 

point of the circuit so ^ 

that the same P. D. exists across each conductor, the equivalent resistance 
is such that its reciprocal is equal to the sum of reciprocals of the individual 
resistances^ 

JL=JL+ JL-p -1.+.,.==5JL 

IV ri r^ r^ rn 

Since ijK=k, the electrical conductivity^ it follows from above 
that when several conductors are connected in parallel^ their total conductivity 
is equal to the sum of the individual conductivities^ 

4 “ ^ 8 ~ 

Note that when the resistors are connected in parallel^ the total resls-* 
tann is always less than the least of the component resistances. If r;^==r2= . . . = 
r, R= r/;^, when n equal resistances are connected in parallel, the 
total resistance is equal to «th part of one of the resistances, 

26*5. Current in divided circuits and use of shunt. 
Let fig. 26’3 represent a portion of a circuit in which the main 
carent I divides itself 
among a number of resis- 
tors connected in parallel. 

Let V be the P. D. across 
each resistor and let R be the 
equivalent resitance of these 
resistors connected in para- 
lel, then from Ohm’s Law 


i{^^ 
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and since the total current is unchanged 
From equ. (26*4), we get 

so on, where R is given by 




If there are only two conductors and in parallel, then 


and hence 


/V- 


Fig. 2 6.4 


i.#., the current divides inversely as the resistances. 

The above principle is used in sending only a small portion 
of the main current through an instrument, e.g.^ a galvanometer 
by connecting a low resistance wire in parallel with it. This is illus- 
9 trated in fig, 26*4. The 

oA/w\AAAAA/--i wire connected across the 

; sirument is called a 'shunF 

and provides a by-pass for 

^ > y the current and hence reduces 

\X y y the sensitiveness of the in- 

^ str ent as well as prevents 

Fig. 2 6.4 it from being damaged when 

the otal current is large. 
Let I be the total current and Ig the current through the galvanometer 
after it has been shunted with a resistance S, Then, if G be the resis- 
tance of the galvanometer, we have from equation (26*5), 

T ^ I 

S+G 

S+G ^ 

or 1= -3-1* 

The factor (S+G)/S by which the galvanometer current has 
to be multiplied to get the total current is called the multiplying 
power oi iCm shunt. Now, if only i/io of the total current is to be 
passed through the galvanometer, then clearly the multiplying 
power of the shunt must be 10, 


whence 


1S=G/9 
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Similarly, if i/ioo or i/iooo of the total current is to be passed 
through the galvanometer, the resistance of the shunt must be 
1/99 or 1/999 respectively of the galvanometer resistance. 

Sometimes galvanometers are provided with special shunt 
boxes containing shunts of different multiplying powers. These 
are known as range multipliers. This system has the disadvantage 
that a shunt box can be used only with the instrument for which 
it has been made and hence each galvanometer requires its own special 
shunt box. This diflBculty is overcome in Ayrton and Mather Uni- 
versal shunt which will serve for any galvanometer. 


26*6. Kirchhoff ’s Laws. The total resistance and the 
current in various branches of a divided circuit can be readily 
calculated by the application of laws of resistances in series and in 
parallel and Ohm*s law when the circuit is a simple one, 
when there are no cross connections in the network. But when 
complicated circuits are to 
be dealt with where there 
are cross connections as is 
depicted in Fig. 16*5, the 
above method fails and the 
problem is then solved by 

ndvig Kir chhoff^s following Fig. 26*5 

two iaws : 



I Law. The sum of currents arriving at any point in a circuit 



equals the sum of the currents leaving 
that point, i.e.^ the algebraic sum of the- 
currents at any point in d circuit is ^ero 
or mathematically 

S/=o 

Thus referring to fig. 26'6, if two 
currents i^ and 4 flow towards a point, 
O in a circuit and the currents i^^i^ 
and /s away from it, then applying 
the law to the point O, we have 

=^’8 + ^*4 + ^*5 


ot “"^*4 ^5 — 

This law is simply an expression of the fact that for a steady 
current in a circuit, there can be no accumulation of charge at any 
point in the circuity and corresponds exactly to the equation ^ continuity 
of a perfectly incompressible fluid. 

n Law. The algebraic sum of the electromotive forces acting in a 
closed circuit (or mesh) in a network of conductors is equal to the algebraic 
sum of the products of current at^ resistance of each part of the circuit or 
mathematically 

SE=S(ir) 


The currents flowing in the clockwise direction and the 
E. M. F.’s tending to cause the current to flow in the clockwise 
direction are reckoned as while currents flowing in the 
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auti-clockwise dir^^ the E. M. F.s tending to cause the 

corrent to flow in the anti-clockwise direction are^ taken as negative^ 

Applying the law to the 
circuit ABC in the network 
of fig. 26*7. we have 

This law is merely a generalisa- 
tion of Ohm’s law. 

267, Specific Resist- 
ance or Resistivity. The 
resistance of a conductor 
is directly proportional to its 
length and inversely propor- 
tional to its area of cross- 
section. Thus, if R be the 
resistance of a conductor of 
length / and of area of cross 
section S assumed to be uniform, then R cc //S, or 

R=/)//S 

where p is a constant which depends ip on the nature of the material 
of the conductor, and is called the specific resistance or resistivity of 
the material of the conductor. If /=i and S=i, then R==p. Thus 
the specific resistance of a material is numerically equal to the resistance 
of a piece of it of unit length and uniform unit cross-sectional area. It is also 
numerically equal to the resistance offered by a cubical block of the material with 
edge of unit length when the flow of current is normal to one of its faces. The 
unit of resistivity is ohmxcm. The reciprocal of resistivity is called 
specific conductance and is expressed in mho per cm. 



26*8. 


Wheatstone 
&■ 


Bridge. Wheatstone bridge or net 




Fig. 26-8 Fig. 26-9 

consists of four resikances fi, rj,, rg and r* arranged as shown in 
fig. 26-8, the one pair of opposite junctions of the four resisters, 
such as A and C, being connected by a battery of E. M. F., « and 
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internal resistance and the other pair of opposite junctions B 
and D through a galvanometer of resistance Let I be the 

current in the battery circuit, / that along AB and /g that along 

BD. Then by Kirchhoff^s first law ^ the currents in BG, AD, and 

DC will be {i — /g), (I—/), (I — /-}~/g) respectively. Applying 
€hhoff\s second law to the meshes ABDA and DBCD, we get 

^>1+4 rg— -(I-/) fg « o 
and {i-k) r<^-{l-i+h)ri^-i% == o 

Rearranging these equations, we get 

(^i+rs)+ig =» o (26*6) 

^‘(^a+^4)“-4 (^a+r4+r5)-Ir4 = 0 (267) 

When there is no current flowing through the galvanometer, /.f., 
ig=so, the bridge is said to be balanced and in that case equations 
(26*6) and (267), reduce to 


^'('*i+r3)==Ir8 =0 (26*8) 

i (^2+ ^4)*= 1^4 =0 (26-9) 

Dividing equ. (26*8) by equ. (26*9), we have, since i and I are not equal to 
zero. 


or 

whence 

or 


^2 + ^ 4 ^ 

^3 ^4 

^3 ^4 

h. ' 
^2 n 


(26*10) 


Thus knowing the values of any three resistances, say fi, % and 
Tg, when the bridge is balanced, the value of the unknown resist- 
ance can be calculated from the above relation. The relation is 
independent of the current in the battery circuit. An examination 
of iig, 10*10 will show that when the positions of the galvanometer 
and battery are interchanged, the above condition for no deflection 
of the galvanometer will still hold. 


26*9, Conjugate conductors* If two conductors of any net* 
work of conductors are so related that an B. M. F. in one produces no current 
in the other ^ they are said to he conjugate to each other. The ^battery arm’ 
and the 'galvanometer arm’ in a Wheatstone net are conjugate to each 
other when the bridge is balanced le,^ when the resistance of other 
arms are so adjusted as to satisfy the usual Wheatstone bridge relation- 
ship of equatibn (26*10). It can be shown that the current in one of the 
two conjugate conductors dm to an E,M,F, in any part of the network^ is in* 
dependent of the resistance of the conjugate conductor^ 
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' 26*10. Sensitives of Wheatstone Bridge. In the 

f)ractical use of Wheatstone bridge for the measurement of a wide range 
of resistances, the accuracy in the determination of the bridge 
depends upon the sensitiveness of the bridge. The sensitiveness of the 
bridge depends upon the current in the galvanometer, for the greater 
the current in the galvanometer for a given small want of balance of 
the bridge, greateris the sensitiveness of the bridge. Hence to make 
the bridge most sensitive, the positions of the galvanometer and the 
battery and the values of the resistances in the various arms of the 
bridge should be so adjusted as to produce maximum current in the 
galvanometer for a given small want of balance. 

(a) Positions of galvanometer and battery. The galvanometer 
can be connected in BD and the battery in AC as shown in fig. 26*10 
or their positions can be interchanged, but the two arrangements 
are, in general, not equally sensitive. It can be shown that if, 
of the two resistances^ that of hatterj and that of galvanometer^ the greater 
connects the junction of the two greatest with that of the two least of the four 
arms of the bridge^ the current in the galvanometer and hence the 
deflection in it is greatest for a given small want of balance and, 
therefore, the bridge most sensitive for the given resistances. 

(b) Galvanometer resistance. The sensitiveness of the gal- 

vanometer should be maximum, for the greater the sensitiveness of the 
galvanometer, greater will be the accuracy in the determination of 
the proper balance of the bridge. The sensitiveness of a galvano- 
meter is proportional to the deflection for a given small current, 
and this deflection is proportional to the number of turns in the 
coil, if the current is the same. Now, as the channel of the bobbin 
on which the coil is wound is fixed with respect to its cross-section 
and the mean radius, the number of turns can be increased only 
by decreasing the cross-section of the wire. Let the cross-section 
of the wire be decreased to ijn of its previous value, then the 
number of turns can be increased to n times their original value. 
But this also increases the length of the wire n times and hence the 
total resistance of the coil is increased to times its original value, 
ie., fg cc where fg is the resistance of the ^galvanometer and « is 
the number of turns in the coil Hence for a given value of current 
the deflection in the galvanometer is proportional to V rg. The 
deflection also varies with the current. Hence the sensitiveness of the 
galvanometer is proportional to the quantity It can be 

shown that this quantity is maximum when 

^ _ r4(ri+f8) ri(ra+^) 

® rj+ra 

This gives the value of the resistance of the galvanometer in order to 
make the bridge most sensitive for the given values of fg, fg, 
and Tg. The tangent galvanometer is very unsuitable for wheat- 
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Stone bridge for its sensitivity is very- small, i.e,^ it requires 
xomparatively large current to produce an appreciable deEection. 

(c) Battery resistance. When the resistance of the battery is at 
the disposal of the experimenter, the bridge is most sehsitive for the 
given values of ri, rg, rg, r^, and when the current given by the 
battery is maximum, and this is the case when the external 
rest stance equals the internal resistance of the battery. Thus for 
nearly complete balance 

^ ('•l + >'2) (^3+^) + 

This gives the battery resistance to make the bridge most sensitive 
for the given values of fg, r^, r^, and rg, 

(d) Galvanometer and battery resistances fixed and others 
variable. Usually the resistance r^ of the galvanometer and the re- 
sistance rg of the battery are not at the disposal of the experimenter and 
hence, if be the unknown resistance, the only resistances which can 
be varied to make the bridge most sensitive are and For 
a particular value of r^ there will be a pair of values of and 
Which will constitute the best arrangement for that value of ; 
and there will be a particular value of r^ which with the corres- 
ponding values of and Tg, will be the best arrangement for the 
given values of r^ and rg. It can be shown that in this case 
the values of r^, r^ and rg which will make the bridge most sensitive 
should be as follows : — 



y 


'* 4 ^ 6 * 




and 


'* 8 — 





The resistance r^ is independent of the value of and has a 

definite value "sjr^r^: Having given this value to /i, the value of 
is roughly determined and then the values of rgj and fg calculated. 

(e) All resistances variable. When all resistances except 
the unknown resistance, can be varied, /.<?., the resistances of the 
battery, the galvanometer and other arms of bridge except the 
unknown resistance is at the disposal of the experimenter, the most 
sensitive arrangement is that in which each of the resistances is equal 
to the unknown resistance, /. e., ri=r2=r8==f5=rg=r4. 

In this case it is immaterial whether the galvanometer is 
connected in BD and the battery in AC or vi e^versa. The heating 
effects will also be the same in all branches. This arrangement 
gives the most accurate value of the unknown resistance but such an 
arrangement is practically impossible for every unknown resistance 
requires the setting up of a special bridge and the employment of special 
galvanometer and battery. 

26’ii. Metre bridge. It is one of the practical applications* 
of the Wheatstone bridge and, as shown in fig, 26*10, consists of a straight 
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and uniform wire of manganin, constantan or some other suitable 
.alloy of high specific resistance, stretched along a metre scale, with its 
■ends soldered to two copper strips of negligible resistance. The wire is 
one metre long and has a resistance of about 2 to 3 ohms. Between 
these two copper strips and a third one fixed along the panel there 
are two gaps, and Ggj in which are connected with the help of bind- 
ing screws, the unknown resistance X and a suitable resistance box. A 
jockey serves to make contact with the stretched wire and a mark on 
it or a pointer attached to it Indicates the position of the point of 
contact on the measuring scale. The battery is joined between 
terminals on the two end strips, a key being included in the circuit 
. so that the current may 

h y, be passed when required. 

‘ The galvanometer is 
connected between a 
terminal on the middle 
copper strip and 
the jockey. 

To determine the 
unknown resistance X, 
the connections are made 
as shown. A suitable 
resistance R is intro- 
duced in the gap Gg by 
•means of the resistance box and a point of contact E is found on 
the wire by sliding the jockey at which there is no deflection in 
the galvanometer. If the two resistances into which the bridge 
wire is then divided be R^, (AE), and R2 (CE), we have by equ. (afi’io) 
since the bridge is balanced. 



Fig. 26*10 


R 


R 

R. 


Since the wire is assumed to be of uniform cross-section, the resistance 
of ao.y portion of it is proportional to the length. Hence, ifAE=/, 
CE==(ioo— /) and Rj oc / and R2 oc (100—/). Thus 


/ 

R loo — / 


(26*11) 


whence 


ICO—/ 


-R 


This gives the value of the resistance to be measured. 

; '26*12. End cotrections for metre bridge. We' ha\e 

assumed above that in a metre bridge the resistance of the copper 
pieces and the soldering at the ends of the bridge wire are negligible, 
but actually they are not so small as to he mgke ted, 
the soldering is not done carefully, the solder spreads over the 
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bridge wire and the cross-section of the wire no longer remains 
uniform. The solder forms an alloy with the material of the wire,, 
the specific resistance of which is not equal to that of the material 
of the wire. Further, the bridge wire may not be exactly one 
metre long and the scale may not be accurately placed with respect 
to the wire, either because the wire is slightly longer or shorter 
or because of the difficulty of making the connections between the 
ends of the wire and the strips exactly at the ends of the scale. 
The effect of all these factors is to introduce some mkmm resistma 
at the tw^o ends of the wire. Let these unknown end resistances 
at the left and right ends of the wire be respectively equivalent to 
a and cm. of length of the bridge wire, then the effective ends 
of the wire will be at distances a and j8 respectively from the o 
and I oo cm. readings of the scale and hence the equation (26*11) 
will be modified to 

X /4 a 

K. loo-Zi-jS 

where a and jS are end corrections for the bridge wire. If the end 
of the bridge wire is beyond the extreme graduation at that end, 
the end correction is positive \ while if the extreme graduation is 
beyond the end of the wire, end correction may be positive or 
negative according as the total end resistance at that end is greater 
or less than the resistance of the length of the wire by which it falls 
short of the extreme graduation of the scale, 

26*13. Interchanging Commutator. This commutator is 
very helpful in interchanging the resistances P and Q connected in 
the two gaps of a metre bridge. As shown in fig. 26*11, it consists 
of a circular ebonite disc 4 to 5 in. diameter, drilled and fitted with 
8 terminals marked i, 2, 3,. up to 8, equally spaced near its edge and 


-fST 


a 

_J 

r~Tn 

11^ 

II 

to 0 ' 

0 d 



Fig. 26*11. 

projecting about 1/2 in. beneath the disc. Below the ebonite disc is a 
circular block of ebonite (Fig. 26*12) about i in. thick and of equa 
diameter. The ebonite block is drilled with 8 holes, about 3/4 in. deep 
corresponding in position with the terminals of the disc, and eight 
terminals screwed into the side of the block and marked i, 2, 3...... 

up to 8, pass into the holes. The holes are filled with mercury w’-hich 
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secures contact between the block terminals and the upper disc ter- 
minals. The ebonite disc can be rotated about a screw passing through 
the centre of the disc into a hole drilled centrally into the ebonite block. 
By lifting the disc and turning it round diflFerent terminals can be made 
to fit into the holes in the ebonite block. The terminals on the ebo- 
nite disc marked a and 3, i and 4, 5 and 8, and 6 and 7 are connected 
together by means of thick copper wires (Fig. z6*i3). One of the 
resistances to be interchanged is connected to the terminals oi the 

ebonite block marked i and 
2 and the other resistance 
between those marked 5 and 
6. The terminals marked 3 
and 4 are connected to one 
gap of the bridge and the 
terminals marked 7 and 8 to 
the other. A rotation of the 
ebonite disc through a ri^t 
angle will affect the interchange 
of the resistances from one 
gap to the other. 


Experiment 

Object. To find end corrections for a metre bridge and to- 
determine the specific resistance of the material of a given wire taking 
into account the end corrections for the bridge. 

Apparatus. Metre bridge, two ordinary resistance boxes, 
one decimal-ohm box preferably dial pattern, a Leclanche cell, a 
weston galvanometer, wire the resistivity of whose material is to 
be determined, a shunt wire, connecting wires, a screw gauge and a 
metre scale. 

Theory. Let cm. be the reading on the scale of the position 
of the nulk point on the bridge wire when resistances P and Q 
are connected in the left and right gaps of the metre bridge respectively. 
Then, if the end corrections for the left and right ends of the bridge wire 
are a and ^ cm. of length of the wire, we have 

Q’ 100 — 

Of Qa-Pi8+Q4-P(ioo-/i) = : ■ (26 *ii) 

Now let the positions of the resistances P and Q Fg interchanged. 
Then, if 4 cm. be the reading on the scale of the position of the null 
point on the bridge wire, we have 

F 100— 4 't'^ 


Q 
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Pa--Q^+P4---Q (ioo--/2)===o ... ( 26 “ 13 ) 


Multiplyijjg equ. (26*12) by Q and equ. (26*13) by P and then subtract- 
(26*12) from eqa. (26*13), we get 

+ P%-QV,+PQ (4-0 =0 
or (P*-~Q 2 )a +P 4 (P+Q)_Q 4 (P+Q)=o 


whence 


Q/1-P 4 

P-Q 


(26-14) 


Similarly 


iS= 


PA-Q4 


P-Q 


-joo 


(26*15) 


Interchanging Commutator — ^Plug type. This is depicted in 
fig. 26 .l 3 ^a). It consists of brass blocks arranged as shown in the figure 


a b 



Fig. 26.14 

holes for inserting the plugs; / are the termi- 

ed A When in use, only eight of these will be connect- 

other AT, as shown, is connected across ^ and ^ while the 

to th T ^ across e and/. The terminals i and / are connected 

^ gap of a carey Foster Bridge while ^ and to the right gap. 

1 1 plugs inserted in the blocks as shown by positions^ 1,1, 

th I X lies in the right gap while the resistance X lies in 

A /tt gap. It can be seen that when the plugs are removed from the 
ijljlrl, and inserted at the positions 2,2,2, 2, Xis trans- 

erred to the left gap and X to the right gap. 
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corrections a and can be 
4 for known values of P 


From these equations the values of end 
caicuiated, having determined 4 and 
and , :'Q, ' , 

Now, if X be the resistance of the wire the specific resistance 
of whose material is to be determined 


X=p- 


or 


p= 


Tvr^ 


bridge 
on the 


where L is the length of the wire and r its radius. 

If the wire be connected in the left gap of the 
known resistance R in the right gap and the reading 
the position of null point on the bridge wire is / cm., we have 

_X^ /-fq 
R 100— /+jS 

or X=— 

lOO — /+p 

The value of specific resistance p can be 


(26-i6) 


and a 
scale of 


(26-17) 


calculated from equation 
determined the value of X from equation (afi'i 7). 

Make the connections as shown in fig. 26*14. Shunt 


Q 




S £ 






K 


Fig. 26*15 


(26*16), having 

Method, 
the galvano- 
meter with a 
low resistance 
wire. Intro- 
duce a resis- 
tance P=io 
ohms, say in 
the left gap of 
the metre bri- 
dge and a re- 
sistance . Q=,i 

ohm in the right gap by adjusting the respective resistance boxes. 
Close the cell circuit and press the jockey over the bridge wire at 
near its one end and note down the direction of deflection in the 
galvanometer. Move the jockey to near the other end of the 
wire and again note down the direction of deflection in the 
galvanometer. The directions of deflection in the two cases must 
opposite othQTWiSQ there is a faulty contact or wrong connection 
in some part of the circuit. 

Having tested the connections of the bridge, find by trial the 
approximate position of the null point. This will be near one end 
of the bridge wire. Then remove the shunt from the galvanometer 
so that it may have its full sensitivity possible and determine the accu- 
rate position 4 of the null point. 
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Now interchange P and Q, and repeat the above determina- 
tions to find the value of /2* This time the nui! point will 
be near the other end of the wire. Calculate the values of a and jS 
from equations *(26*14) and (26*15). 

Keeping Q== I ohm, alter the value of F to 15 ohms and 20 
ohms. Calculate the values of a and p for each set of observa- 
tions separately and then take their mean. 

Now replace the resistance box in the left gap of the bridge by 
the wire the specific resistance of whose material is to be determined 
and that connected in the right gap by a decimal-ohm box. 

Adjust the decimal-ohm box to a suitable resistance, say R=2 
ohms. Close the battery circuit and with the galvanometer shunted 
with a low resistance wire, find out the position of the null point on 
the bridge wire and from it calculate roughly the value of the unknown 
resistance. Adjust the decimal-ohm box to this value and then 
find out the approximate position of the null point which will be in the 
^middle third’ of the bridge wire. Remove the shunt from the gal- 
vanometer and determine the exact position of the null point as accu- 
rately as possible with the full galvanometer sensitivity. Calculate 
the value of X, the unknown resistance, from equation (26*17). Take 
at least two more sets of observations by slightly decreasing and increas- 
ing the value of known resistance R in the right gap and calculate the 
value of X separately for each set of observation. 

Next interchange the positions of X and R and again determine 
the value of unknown resistance, with the same values of known re- 
sistance R. Find the mean value of X. 

Now measure the length L of the wire outside the binding 
screws. Then with a screw gauge measure the diameter of the 
bare wire at a number of points along its length and find out the mean 
radius. Finally calculate the value of specific resistance P of the material 
of the given wire from equation (26*16). 

Sources of error and precautions, (i) A plug key 
should be Included in the ceil circuit which should be closed only 
when observations are being made. This prevents prolonged flow 
of current and hence consequent alteration in the values of the various 
resistances due to appreciable heating. 

(2) The galvanometer should be shunted by a low resistance 
wire to avoid excessive deflection in it when the bridge is out of 
balance. The shunt must be removed when the null point has been 
almost obtained. 

(3) The battery circuit should be closed before depressing the 
jockey on the bridge wire, but when breaking reverse order should 
be followed. Otherwise, if the resistance to be measured is induc- 
tive, e.g,, that of a coil of wire, a momentary kick will be produced 
in the galvanometer due to self-induced E, M. F. This momentary 
kick is obtained even if the exact balance exists and may sometimes 
be excessive enough to damage the galvanometer. 
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(4) The jockey should always be pressed gently so that good 
contact may be made with the bridge wire without flattening the 
jockey. The contact between the jockey and the bridge wire should 
not be made while the former is being moved along> otherwise the 
wire will be worn unevenly in various parts and hence will no 
longer remain uniform in cross-section. 

For determination of end corrections only 

(5) The resistances P and Q should differ as much as possible. 

irn / / u Q/i-P/2 ,P/i-Q 4 r • ^ 

It p =Q and so the terms ~ p- q ~ and —g — ^ of equations 

(26’ 1 4) and (26’ 1 5) will reduce to 0/0, ue,^ become indeterminate 
and so become the values of a and jS. Hence the difference 
between P and Q should be as as possible. Convenient values 
of P and Q are Q=.i ohm and P=io to 20 ohms. With higher 
values of P/Q, the balance point may lie on the copper strip. 

For determination of specific resistance only 

(6) The null point should be as near the middle of the bridge 
wire as possible and hence the known resistance R should be of the 
same order of magnitude as unknown. When the null point is 
in the middle of the mre^ a small error in determining its position produces 
the least error in the value of the unknown resistance^ i,e,^ the accuracy in the 
result is greatest. For, if dl be a small error introduced in the deter- 
mination of / and i/X be the corresponding error produced ia the re- 
sult, w^e have, since 


X : 

= ^ R 


L-/ ^ 

dX 

L.dl 

XL-ir 

dx 

Ld/ 

x' 

“/(L-/) 


Now iX/X is minimum when /(L— /) is maximum. But 
/+(L—/)=L, a constant. Hence the product /(L — 1 ) is maximum 
when//=L— / or /='L/2. . 

(7) To eliminate error due to non-coincidence of the pointer 
of the jockey with the metallic edge on underside of it which 
comes in contact with the bridge wire, two separate measurements 
of the unknown resistance must be made, one by introducing the 
unknown resistance in one gap and known resistance in the other 
and the second by interchanging them. 

(g) The length of only that portion of the wire which is outside 
the binding screws should be measured for specific resistance calcu- 
lations. It IS advisable to make sharp marks on the wire at the points 
where it leaves the binding screws before it is undamped. 
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(9) The radius of the wire is a small quantity and occurs 
raised to the second power in the expression for p. Hence the ^ 
diameter of the bare wire should be measured at a number of 
points along its length and at each point readings along two 
mutually perpendicular diameters should be taken. 

Observations. [A] Determination of a and _______ 





Position of balance point on the scale 
with P in the 



2; 

p 

P 

ohms 

Q 

ohms 

Left gap 

k 

Right gap 

4 

a 

jS 




cm. 

cm. 

cm. 

cm. 

I. 




j 



2. 















Mean 


[B] Determination of unknown resistance X of the wire. 


S. No. 

Kn- 

own 

1 resis- 
1 tance 
R 

ohms 

X in the left gap 


X in the ri^ 

$htgap 

Position of balance 
point 
/ 

cm. 

(100-/) 

cm. 

X 

ohms. 

Position of balance 
point 

V 

cm. 

(100-/') 

cm. 

X ■ 

ohm s 









Mean 


' Mean 



[C] Constants of the wire. 



(/) Length of the wife 


cm. 

(//) Measurement of diameter of the wire 


Deast count of the screw gauge 


cm. 

Zero error 

' =■ v' 

cm. 
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1 Reading along 
any diameter 

Reading along 
perpendicular 

a-^b 

No. 

diameter 

.2 


a 

b 



cm. 

cm. 

. cm.^ ' 

1. 

2. - 

5 -' 




4. 

5 * ,. 





Mean 


Corrected diameter of the wire 
Calculations. 

. _ Q4-P4 

P — Q 

= ' cm. 

P/1-Q4 

■ cm. 


When X in kft gap 
: 'X= 


/~[~iX 


— ICO 


R 


100 — Z+jS* 

ohms. 


When X in right gap 


X = 


100 • 




/'+a • ^ 

ohms. 

Mean value of resistance of wire = 
Mean radius of the wire = 

.. . ■ ..wr^.X , 

P,= '' — T— 


ohms. 

cm. 


; "= ' ....ohmsXcm, .' 

Result, The end corrections for bridge wire are 
.. left end €e, =, , cm. ■ 

right end ^ == cm. 

and the specific resistance oi thQ material ( ) of the given wire 

= micro-ohms X cm. 

Standard value = micro-ohms X cm. 

.Error' ==y' , 

y y; Criticism The' method .yields. ; satis- 
factory results, but the accuracy is limited due to the length of 
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tiie bridge wire beiag one metre only, and can be increased by in^ 
creasing the length of the bridge wire. While determining the end 
corrections for the bridge wire the balance points are obtained near 
the ends of the bridge wire and so the accuracy in the measurement of 
lengths of the ratio arms is not great and hence the values of eg and p 
obtained are not very accurate. Further the bridge wire may not 
be of uniform cross-section throughout and as such it would be 
incorrect to take the resistances of the ratio arms proportional to 
their lengths. Lastly, unless the resistances of the various arms of the 
bridge are equal and made of the same material, they will be heated 

up differently and the consequent alteration in their values will not be 

the same. 

26-14. l*ost Office Box. It is a compact form of Wheat stone 
bridge and was originally designed to measure the resistances of 

electric cables and tele-^ 
graph wires. As shown 
in fig. 26*15, it consists 
of three separate sets 
of coils of known re- 
sistances arranged after 
fashion of a resistance 
box to form the three 
arms of a Wheatstone 
bridge, the fourth arm be- 
ing the unknown resistance;: 
whose value is toLedeter^' 
mined. The t'wo sets of, 
known resistance ' ■ coils 
which are exactly alike and' 
similar Ij 'placed' .form"' the: 
two ratio arms P and Q of 
the bridge. Each ratio arm contains three coils of 10, loo and 1000 
ohms ^ resistance. One advantage of three coils in each of the ratio 
arms is that we can choose the pair nearest in value to the resis- 
tance to be measured and another advantage is the extension of 
range. The third set of known resistance colls forms the rheostat 
arm, i.s., the arm of variable known resistance E.. In plug type 
arrangement, the rkeostat arm consists of a series of coils of values 
from I to 5000 ohms to that R may be varied in steps of i ohm from 
I to ii,iioohms. In dial type arrangement shown in fig. 26*16, the 
rheostat arm consists of one dial of ten i-ohm colls, another of 
ten^ io-ohms coils and a third of ten loo-ohms coils. Sometimes 
a fourth dial of ten looo-ohms coils is also provided. At the 
ends of each of the three arms P, Q and R of the bridge are 
provided binding screws for connecting the unknown resistance, 
the battery and^ the galvanometer as shown. The apparatus is 
also provided with two spring keys, one included permanently in 
the battery circuit and another in the galvanometer circuit. 
Sometimes a special double key is provided by means of which 
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when the lever is depressed the battery circuit is first dosed and 
on a further movement of the lever the galvanometer circuit also. 



Fig. 26*17 ■ 

To determine the value of an unknown resistance, the coii- 
nections are made as shown in the fig. 26*15. galvanometer 

which should be highly sensitive is heavily shunted and the ratio 
arms arc adjusted to 10 ohms each. The rheostat arm is set to 
I ohm. ■;^r_The battery key is pressed and then the galvanometer key 
and the direction of defiection in the galvanometer noted. ^ Next 
the rheostat arm Is set to 10000 ohms and again the direction of 
deflection noted. If this direction of deflection is opposite to the 
previous one, the unknown resistance X has some value between 
I and 10000 ohms. If, however, the tviT’o deflections are in the 
same direction, there is either some faulty contact or wrong 
connection, or the value of X is either less than i ohm or greater than 
10000 ohms. When the unknown resistance does not lie between 
I and 10000 ohms, P must be made smaller than Q if X < i ohm 
and greater than Q if X > 10000 ohms. 

When X lies between I and loooo ohms both P and Q are 
kept equal to 10 ohms and by varying the resistance in the rheostat 
arm systematically^ two resistances in the rheostat arm differing by 
I ohm, say n and ohms, with which the deflections in the 

galvanometer are in opposite directions are found out by trial. 
Now since Q=P, the unknown resistance X must lie between u 
and (;2+i) ohms., , 

Next to increase accuracy, Q is made equal to 100 ohms 
keeping P= 10 ohms and the value of galvanometer shunt 
resistance is increased. Since Q=ioP, the resistance R of the 
rheostat arm now required for a balance will be 10 times the unknown 
resistance. Hence the baiance should now occur between 10 n and 
10 (;^+i) ohms. Intermediate resistances between these limits are 
then tried until the limits differ by i ohm, two resistances differing 
by one ohm, say % and + ohms are found by trial which give de- 
flections in opposite directions. Then the unknown resistance X will 
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be between njio and (»i+i)/io ohms. It should be noted that with 
the ratio Q=io P, the above two resistances in the rheostat arm can 
be found only if X is less than S/io, where S stands for sum of all 
the resistances in the rheostat arm. 

Now to increase the accuracy still further Q is made equal to 
looo ohms keeping P=io ohms and the galvanometer shunt is also 
removed Since Q=iooP5 R=iooX and hence the balance should 
now occur between io% and io(%+i) ohms* Intermediate 
resistances between these limits are tried and a resistance 0^^: ohms 
in the rheostat arm is found out which produces no deflectioft in 
the galvanometer. Then the unknown resistance will be e^ual to 
n^jioo ohms. If the rheostat arm cannot be adjusted to give the 
exact balance point, two resistances differing by one ohm In the 
rheostat arm are found by trial which give deflections in opposite 
directions and then the unknown resistance can be determined to 
the third place of decimals by the method of proportional parts. If, 
for example, 258 ohms give a deflection of 6 divisions in one 
direction and 259 ohms give a deflection of 8 divisions in opposite 
direction, a difference of i ohm in R causes a change ot 14 
divisions. Hence a resistance of (258+6/14) ohms will produce a 
balance and therefore the value of the unknown resistance is 2*584 
ohms. But there is hardly any justiflcation in going to third place 
of decimal for such a high degree of accuracy cannot be claimed 
from a post office box. It should be noted that with Q=:=ioo P, 
the balance can be obtained only if X is less than 2/ 100, where 
S stands for the sum of all resistances in the rheostat arm 

When the unknown resistance lies between 0*1 and 1 ohm, 
ratios Q= 100 ohms, P==io ohms and Q=iooo ohms, P= 10 ohms 
should be tried while if X lies between o*i and o'oi, balance point 
can be obtained with Q== 1000 ohms only. 

When the unknown resistance is greater than 2 but less than 
10 ratios Q= io, P==ioo and Q=io, P=iooo can be used and the 
value of X determined to the nearest 10 ohms. If the unknown resis- 
tance is greater than 10 S but less than 100 2, its value to the nearest 
xoo ohms can be determined by taking Q=io and P=iooo ohms. 

When X 100 S or < 0*01 ohms, its value cannot be deter- 
mined with the post office box and hence it is not suitable for the 
measurement of very low ot high resistances. 

Sometimes it is found that when a change from a lower to a 
higher ratio is made, the resistance requited in the rheostat arm 
for a balance does not lie between the limits expected from the 
results of the observations with the lower ratio. This may be due 
to contact resistance or to the inaccuracy in the value of some of 
the coils. In plug type of post office box contact resistances can be 
sufficiently reduced by tightening the plugs in the sockets but they 
cannot be avoided entirely. In the case of inconsistency of limits, those 
obtained with higher ratio should be accepted. 
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2615. Kelvin’s Metliod of detetmining Galvanometet 
Eesistasice. The galvanometer, the resistance G of which 
is to be determined, is connected as an unknown resistance in 
one of the four arms of the Wheatstone bridge as shown in fig. 
26*17. The cell is connected as usual in the branch AC and a key is 
placed instead of the galvanometer in the branch BD. Let the 
current distribution in the bridge be as shown in the figure. Then 
appljdng second law to each of the meshes CBAEC, 

CDAEC, CBD and BD A in turn, we get 

(1-/2) F+ (I-/ 8 -/)Q+I r=E 
?g G+ (?g +0 B+Ir=E 
(I — /g) P-f-^K — /gG=o 
and /K-H (fg +0 0 Q=o 

Rearranging we get 

I (P+Q+-r)-/Q=E+/g (P+Q) (26-18) 

I r+/R =E — /g (G+R) (26-19) 

IP+iK =/g (P+G) (26-20) 

and -IQ+/(K+R-+"Q)=--/g (R+Q) (26*21) 

Now let the current ^’g in the galvano- 
meter be independent' of the resistance K in 
the branch BD, then it follows from equa- 
tion (26*18) and (26-19) ^ ^ 

also constant. When K= 00 , /=o, and 
therefore / is always equal to :(ero. Then putting /=o in equatirms 
(26*20) and (26*21), we get 

IP = /g(P+G) 


B 



Fig. 26*18 


and 

whence 

or 

or 


IQ =/g(R-hQ) 
P P-fG 

Q ”R+Q 
P+G_R 4 Q 
P Q 
G _ R ' 

P ^ Q 


Thus when the values of resistances P, Q and R are so adjusted 
as to satisfy the above relation, the current in the galvanometer is the 
same whether the key in the branch BD is closed or open. 


Eloper iment i(i.i 

Object. To determine the resistance of a moving coil 
(suspended type) galvanometer with post office box by Kekin’s method. 

Apparatus. A post office box, Leclanche cell, a moving coil 
galvanometer whose resistance is to be determined, a variable high 
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resistance (a resistance box or a U-tube containing water), lamp and 
scale arrangement and connecting wires. 

Theory. Let the galvanometer whose resistance is to be 
determined be connected in the ‘unknown resistance arm^ CD of the 
post office box, short-circuiting the usual ^galvanometer-arm’ BD by a 
and piece of copper wire. Then, if the cell be connected in 
its usual arm AC and the resistances of the ratio arms AB and BC and the 
‘rheostat arm’ AD are so adjusted that the deflection of the galvanometer 
remains the same whether the "usual galvanometer-key’ K2 is pressed or 
released, the bridge is balanced and from §26*15 the resistance of the 
galvanometer is given by 

G= — R ... (26*22) 

Method. Level the base of the galvanometer by means of the 
levelling screws and release its coil. Throw light on the mirror of 
the galvanometer and get the spot of reflected light on the scale. Con- 
nect the galvanometer in the arm of "unknown resistance’ CD of 




Fig. 26*19 

the post ojBSce box. Join the galvanometer terminals B,D in '.the'[ 
post office, box by a short piece of copper wire and make the rest 
of the connections as shown in fig. 26*18 inserting in the cell .circuit a 
oariabk high resistance, say a resistance box adjustable up to 10,000 
ohms or a U-tube containing water, with the cell. See that the 
ends of the connecting wkts ato clean and that all connections 
have been made. If the post o&e box is of plug type, see also 
that the plugs and the sockets are clean and the plugs are not loose. 

Adjust the ratio arms P and Q to 100 ohms each. Press the 
battery key. The coil of galvanometer will be deflected and as 
the galvanometer is very sensitive the spot of light will move off 
the scale. Adjust variable high resistance placed in series with 
the cell to a high value so as to send only a small current through 
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the galvanometer and hence to produce a small deflection in it 
j spot of light near the middle of the scale in 

its deflected state ^ Le*, with the battery key pressed, 

Y Adjust the rheostat arm* to a few ohms^ Press the battery 
ey, and when the deflected spot of light is stationarj on the 
scale, pr^^^ second key also. Since the bridge is out of 
balance, pressing the key will send a current through the 
^05^ piece of copper wire connected in the usual ^galvanometer arm*. 
Xhis will alter the galvanometer current and hence will change its de- 
of di^i^r ^he direction of movement of thQ deflected spot 

_ Next adjust the /rheostat arm* to a very high resistance, say 
10000 ohms and press the battery key. When the deflected spot of light 
on the scale is stationary, press the key K^. The deflected spot of light 
on the scale will move in a direction opposite to that obtained in the 
previous Case. Then repeat the operation by alternately adjusting the 
rheostat arm^ to a low and high value until two resistances are 
a ohm, with which the directions of change 

of deflection in the galvanometer when the key Kg is pressed are op- 
posite, This determines the value of galvanometer resistance within 
one ohm. 

If at any stage the arrangement becomes insensitive, i,e,^ the resis- 
rheostat arm can be varied over a wide range without 
affecting the spot of light when the key Kg is pressed, increase the 
current in the galvanometer by adjusting the value of high resistance 
placed In series with the cell. This will produce a larger deflection 
in the galvanometer and the arrangement will become more sensitive. 

Now keeping P~ioo ohms, make Q~iooo. Since Q=ioP, 
the resistance in the rheostat arm which will produce balance will 
now be 10 times that of the galvanometer resistance. Adjust the 
rheostat arm between 10 times the limits obtained for galvanometer 
resistances with the ratio and find by trial as above a resistance 
which, with Kj will produce no shift of 

Ttf u spot of light on the scale when the key Kg is pressed. 

Ihe^ bridge will be balanced. Note down the resistance R In the 'rheostat 
«m and calculate the galvanometer resistance from equ, {z 6 *iz) 
ibis pves the galvanometer resistance within one tenth of an ohm. 
ir with P/Q=ioo/iooo, the bridge is not exactly balanced, the galvano- 
meter resistance can be computed by the method of proportional parts 

^ Sources of error and precautions, (i) The base of the 
galvanometer should be carefully levelled and the coil should be un- 
damped. This ensures the movement of the coil in the space 

between the magnet and the soft iron piece. 

. . (^) The post office box should be preferably of dial pattern for 

in it the variable contact resistances are sufficiently reduced. In the 

case of plug type P. O. box all sockets must be clean and the pluffs 
made tight. ir,: o 
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(3) When the bridge is out of balance^ the degree of alteration in 

the deflection in the galvanometer by tapping the kej will 

depend upon the current which flows along the branch BD. Hence to 
ensure sensitiveness of the test of want of balance, the resistance of the 
branch BD should be made as small as possible. B and D should, there- 
fore, be joined by a short of thitk copper wire. 

(4) To avoid unnecessary heating of the various coils and 
consequent alteration in their resistances, the battery key should be 
pressed only when observations are to be made. 

(5) As the galvanometer is generally very sensitive, the 
deflection in it is very large and hence the spot of reflected light move 
off the scale when the battery key is closed. The deflection in the 
galvanometer can be decreased by sending in it a small current 
only. A variable high resistance, say a resistance box adjustable 
up to 10000 ohms should, therefore, be inserted in the cell circuit 
in series with the cell and the value of the resistance adjusted to get tiie 
spot of light on the scale in its deflected position. When the current 
through the galvanometer is very small ^ the spot of light can also be 
brought on the scale by turning back the coil by twisting the 
suspension strip by rotating the torsion head which carries it, but it 
is in general inadvisable to interfere with the suspension of the coil. 

(6) In order that the bridge may be highly sensitive, the resis- 
tances of the four arms should be of the same order of magnitude. 
Hence, if the galvanometer resistance lies between 100 and 200 ohms, 
each of the ratio arms should be adjusted to 100 ohms. 

(7) The bridge is balanced when there is no change of steady deflection in 
the galvanometer whether the key is pressed or released. Hence the battery 
key Kj should be pressed first in order to produce steady deflection in 
the galvanometer ; and only when the spot of light on the scale is sta- 
tionary with the key Ki kept pressed that the key Kjj should be pressed 
to observe any change of direction and extent of the steady deflection. 

Observations. 


S. No. 

Ratio arms 

Rheostat j 
arm j 

i 

R ■ 1 

1 

ohms ! 

Direction 
of change 
of deflec- 
tion when 

Kg is 1 

pressed i 

Cjaivanometet 

resistance 

G ' : 

P 

; ohms 

Q 

ohms 

I 

100 


I ■ 

Left 

1 




I 100 



i 

‘Greater than i ohm 


9 > 

i »> . 

10000 

Right 

J 


5 , 

n 


156 

Left 

1 

Lies between! 56 and 






1 

'' 157 ohms 


99 

99 

157 

Right 

J 



100 

1000 

156} 

Left : 

i 



99 

1564 

No change 

.0=156*4 ohms 


' ; •» ; '■ 

»»■ 

1565 

Right 

J " 
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Calculations 



lOO 

lOOO 


X 1564 


= I5<5*4 ohms 

Result. The galvanometer resistance — ohms 

Criticism of the method. When performed carefully, the 
method gives a fairly satisfactory value of the galvanometer resistance. 
The main difficulty in the method is that as the galvanometer is usually 
very sensitive, the steady current in it is large and as a result the spot of 
reflected light goes off the scale, and if the deflection in the galvano- 
meter is reduced by placing a high resistance in series with the cell, the 
sensitiveness of the test of ptoper balance of the bridge decreases and 
the resistance in the rheostat arm can be varied over a wide range 
without changing the steady galvanometer deflection when the key 
Kg is pressed. The result is also affected by thermo-electric and 
heating effects in the circuits. 

The best method of determining the galvanometer resistance 
is to clamp its coil and connect it in the unknown resistance arm of 
the post office box and then to balance the bridge in the usual manner 
asing another galvanometer as detector. Kelvin's method is more 
suitable for moving-magnet mirror galvanometer in which the deflec- 
tion can be reduced without sacrificing the sensitivity by adjusting the 
Position of the control magnet or if that is not sufficiently strong by 
aa external bar magnet. 

Exercise. To determine the resistance of a west on galvanometer with 
metre bridge hj Kelvin^ s method. 

Connect the weston galvanometer whose resistance is to be 
determined in the left gap of the metre bridge by pieces of 

thick copper wire and connect in the right gap a resistance box. 
Connect a Leclanche cell with a variable high resistance in series 
with it in the usual position of the battery, between A and C 
including a plug key in the cell circuit as shown in (fig. 26*19). Join B to 
the jockey by a thick 
copper wire. Adjust the 
resistance box in the 
right gap of the bridge 
to a suitable value, say 
so ohms. Close the cell 
circuit and adjust the 
y-ariable high resistance 
to produce a convenient 
deflection in the galvano- ^ Tig- 26* o 

meter. Press the jockey over the bridge wire; the galvanometer 
deflection wili^ in general, change. Shift the jockey and determine 
by trial the position of the balance point D on the bridge wire such 
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thAi whs n the jockey is pressed at that point there is no change of 
deflection in the galvanometer. The balance point should be ob- 
tained as near the middle of the wire as possible by adjusting the 
resistance box in the right gap to a suitable value. Let / be the read- 
ing on the scale of the position of the balance point on the bridge 
wire and let R be the resistance in the right gap of the bridge. 
Then the resistance G of the galvanometer from § 26*15 is given by 


In this method the galvanometer remains deflected the whole 
of the time during the determination of the balance point and ' often 
becomes insensitive with the result that the point of contact of 
the jockey with the bridge wire can be shifted through an appreci- 
able distance without making any noticeable change in the deflection. 
Consequently the accuracy obtainable by this method in the value of 
galvanometer resistance is not very great. 

a6*i6. Mance’s Method of determining Cell Resistance. 
The cell, the internal resistance of which is to be determined, 
forms one of the four arms of the Wheatstone bridge as shown in flg. 

26*20, The galvanometer is con- 
nected as usual in the branch BD 
and a key is placed instead of the 
cell in the branch AC. Let the 
current distribution in the bridge be 
as shown in the figure. Then apply- 
ing Kirchhoff’s second law to the 
meshes CBD and DAB which donoi 
include K, we have 

IX+fgG+ (I-/)P=.E 
and (I-“fg) R-f f) Q — /g G=o 

Rearranging^ we get 

/r(p+xH%G=E+iP ' ■ ■(26*25) 

and I(Q+R)-4 (R-fQ+G)=iQ ... (26*24) 

Multiplying equ. (6*) by Q-f-R and equ, (6*4) (P+X) and then 
sub tracting, we get 

« [G (Q+R)+ (R+Q+G) (P+X)]=E (Q+R) +/ [P (Q+R)-Q 

(P+X)] 

Now let the current /g in the galvanometer be independent oi 
leslstance K in the branch AC, Then the above expression for 
must be independent of the current, i, for which since / is not equal to 
s(ero, we must have 

[ P(Q+R)-Q(P+X)]=o 


B 
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whence 


or . , PR-QX=o. . 

■■ ' 5 = ■' ■ 

; P- Q' 

Thus when the values of resistances P, Q and R are so adjusted 
as to satisfy the above rciationj current in the galvanometer is the 
same whether the key in the branch AC is closed or open. This 
also follows from the fact ' that when the above relation is satisfied 
BD and AC become conjugate conductors so that the current in BD 
must ht independent oi of the conjugate conductor AC. 

Experiment 26.3 


Object. To determine the internal resistance of a Leclanche 
cell with o^ce box hj Mance^s method. 

Apparatus. A post office box, Leclanche cell, a moving coil 
(suspended type) galvanometer with lamp and scale arrangement, 
variable high resistance (a resistance box or a U-tube containing water) 
aping key and connecting wires. 

Theory, Referring to fig. 26*21, let the cell whose internal 
resistance is to be determined be connected in the 'unknown resistance 
arm^ CD of the P.O. box, short-circuiting the usual 'battery arm’ AC by 
a short and thick piece of copper wire. Then, if the galvanometer be 
connected in its usual arm BD and the resistances of the ratio arms 
AB and BC and the 'rheostat arm’ AD are so adjusted that the deflec- 
tion of the galvanometer remains the same whether the usual battery 
key Ki is pressed or released, the bridge is balanced and from § 26*16, 
the internal resistance of the given by 



(26 25) 



Fig. 26*22 

Method. I ev el he base of the galvanometer by means of the 
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levelling screws and unckmp its coil. Throw light on the mirrot 
of the galvanometer and get a bright spot of reflected light on the scale. 
Connect the Leclanche cell whose internal resistance is to be determin- 
ed in the ^unknown resistance arm’ CD of the post ofBce box by short 
pieces of thick copper wire including a plug key K in the circuit. Join 
the usual cell terminals A, C by a short piece of thick copper wire and 
make the rest of the connections as shown in fig, 26*21 inserting ln series 
with galvanometer^ 2, variable high resistance, say a resistance box 
adjustable upto 10,000 ohms or a U- tube containing water. Take care 
that the ends of the connecting wires clean and that ail connections 
are tiglet. In the case of a plug type post office box see also that the 
sockets are clean and the plugs are tight. 

Adjust the ratio arms P and Q to i ohm eacb^ close the key K in- 
cluded in the arm CD and the galvanometer key K2. A current will 
flow through the galvanometer and its coil will be deflected. As a 
consequence the spot of reflected light on the scale will move. If the 
deflection in the galvanometer is excessive^ the spot of light will move 
off the scale. In such a case adjust the variable resistance connected in 
series with the galvanometer to a high value so as to send only a small 
current through the galvanometer and hence to produce a small deflec- 
don in it and thus bring the spot of light near the middle of the scale 
in its deflected state, /. with the keys K and K2 pressed. 

Next adjust the ^rheostat arm’ to i ohm. Keeping the key K 
closed, press the galvanometer key and when the deflected spot 
of light becomes stationary on the scale, press the usual ^battery key’ 
tCj also. If the bridge is out of balance, this will alter the current 
through the galvanometer and hence 'will change its deflection. Note 
demn the direction of movement of the deflected spot of light. Next 
adjust the /rheostat arm’ to a high value and again press the usual 'bat- 
tery key’ Kj, the keys K and being already closed. If the deflected 
spot of light now moves in a direction opposite to that in the previous 
case, the cell resistance is greater than i ohm. If, however, the deflect- 
e‘d spot of light moves in the same direction, the cell resistance is less 
fhan i ohm Qt there is faulty or loose connection somewhere in which 
case all connections must be made tight and checked up again. 

(i) X> i ohm. If the cell resistance is greater than i ohm, keep 
the ratio arm resistances i ohm each and, after closing the keys K and 
find by trial two resistances, differing hy one ohm, in the 'rheostat 
arm’ with which the deflected spot of light on the scale moves In opposite 
directions when the usual 'battery key’ is pressed. This determines 
the cell resistance within one ohm. 

Now keeping P==i ohm, make Q=io ohms. Since Q= 10 P, 
the resistance in the 'rheostat arm’ which will produce balance will 
now be 10 times that of the cell resistance. Adjust the 'rheostat 
arm’ between 10 times the limits obtained for ceil resistance wltb tbe 
former ratio and find again by trial two resistances in the 'rheostat arm’ 
differing by one ohm, which move the deflected spot of light in opposite 
directions on the scale when the key is pressed. This determines 
the cell resistance within 1/ 10 of an oHm, 



MEASUREMENT OF RESISTANCE AND POTENTIAL DIFFERENCE , 529 

Next iesping P=i ohm, adjust Q—ioo ohms. Since Q= xoo P, 
the fesistance in the ^rheostat arm’ which will produce balance will 
Qow be 1 00 times that of the cell resistance. Thus find by trial a resis- 
tance in the 'rheostat arm’, lying 'bet\\ een lo times the limits obtained 
for cell resistance with the ratio i : lo, with which there is no shift 
the defiected spot of light on the scale when the usual ^battery key’ 
K| is pressed. The bridge will then be balanced. Note down this 
resistance R in the 'rheostat arm’ and calculate the cell resistance from 
equ. (26*25). This gives the cell resistance within i/ioo of an ohm. 

(ii) X < I ohm. If the cell resistance is less than i ohm as is 
often the case with a freshly prepared cell, keep P=i ohm and adjust 
Q=io ohms so that P : Q= i : lo. Close the keys K and K2 by try- 
ing resistances from I to 10 ohms omIj in the 'rheostat arm’ find two. 
resistances, differing by ofie ohm^ which move the deflected spot of light 
la opposite directions on the scale when the imial 'battery key’ is 
pressed. This gives the cell resistance within i/io of an ohm. 

Now keeping P=i ohm, make Q=ioo ohms so that P : Q== 
i : 100. Then keeping the keys K and K2 closed, find by trial a resis- 
tance lying between 10 and 100 ohms in the 'rheostat arm’ which pro- 
duces no shift of the deflected spot of light on the scale when the usual 
'battery key’ is pressed. Note down this resistance R in the 'rheos- 
tat arm’ and calculate the value of cell resistance from equ. (26*25). 
This gives the ceil resistance within i/ioo of an ohm. 

Sources of Error and Precautions, (i) The base of the gal- 
vanometer should be carefully levelled and the coil should be undamp- 
ed. This ensures the free movement of the coil in the space between 
the magnet and the soft iron piece. 

(2) The post office box should be preferably of iw/ pattern for 
in it the variable contact resistances are sufficiently reduced. In the 
case of plug type P. O. box all sockets must be clean and the plugs made 
tight; 

(3) X represents the resistance of the cell and its connecting 
wires in the 'unknown resistance arm’ CD of the P. O. box. Hence 
1q order that it may be equal to the cell resistance, the cell should be 
connected by short pieces of thick copper wire. 

(4) A plug key K should be included in the arm CD along 
with the ceil and should be closed only when observations are being 
made. This would prevent polarisation in the cell as well as unnece- 
ssary heating of the various coils and consequent alteration in their 
resistances. 

(5) During the course of the experiment the zinc rod of the 
Leclanche cell should never be taken out or the cell otherwise disturbed 
ifi any way, for this would alter the internal resistance of the cell. 
The starting or stopping of current from the cell should be accom® 
plished by the use of the key K only. 
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(6) When the bridge is out of balance^ the degree of alteration in 
the steadj deflection of the galvanometer by tapping the key K| will 
depend upon the current which flows along the branch AC Hence 
to ensure sensitiveness o£ the test of want of balance, the resistance of 
the branch AC should be made as small 2iS possible. A and C should, 
therefore, be joined by a short piece of thick copper wire. 

(7) As the galvanometer is generally very sensitive, the deflec* 
tion in it is very large and hence the spot of reflected light moves off 
the scale when the galvanometer key Kg is closed. To overcome 
this difficulty a variable high resistance should be connected in series 
with the galvanometer and its value adjusted to get the spot of light on 
the scale with the key Kg kept pressed. 

(8) In order that the bridge may be highly sensitive, the resistance 
of the four arms should be of the same order of magnitude. Hence 
each of the ratio arms should be adjusted to i ohm. 

(9) The bridge is balanced when there is no change of steadj deflection 
in the galvanometer whether the usual battery key Kj is pressed or released. 
Hence after closing the keys K and Kg, it is only when the spot of light 
on the scale becomes stationary that the key K^ should be pressed to observe 
any change of direction and extent of the steady deflection. 

(10) While testing the balancing of the bridge by pressing the 
key Kj, it is often observed in the case of a Leclanche cell that the spot 
of light first moves with a jerk in one direction and then after a moment 
begins to move gradually in the opposite direction on account of 
polarisation of the cell. In such a case the direction in which the spot 
of light moves with a jerk immediately after the key K^ is pressed is the 
correct direction. 

Observations. 

If X |> I ohm. 


S. No. 

Ratic 

> arms i 

Rheostat 

arm 

R 

ohms 

Direction of 
change of deflec- 
tion when Kj 
is pressed 

Cell resistance 

X, 

P 

ohms 

Q 

ohms 

I 

T 

I 


Left 

1 Greater 

2 

n 


100 

Right 

j 'than I ohm 

3 

)■> 


2 

Left 

> Lies between . 

4 

» 

»» 

3 

Right 

j 2 and 5 ohms , 

.5 

, I , ■ 

10 

21 

Left 

.j Lies, bet ween 

6 


» 

22 

Right 

1 2* I and 2'2 






OhmS'^ 

■■ 1 ", 

I 

100 

215 

Left 


S 



zi 6 

No change ' , 

■ 7 X— 2*16 ohms 

9 

»» 

99 

217 

Ricrht ■ 
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If X j ohm. ' 



, Ratio arms 

Rheostat- 

Direction of 

Ceil resistance 

: S. No. 



arm 

change of deflec- 
tion whenKj 


P 

Q 

R 

X 


is pressed 


ohms 

ohms 

ohms 


i' •' 

I 

I 

I 

Right 

1 Less than 

, z 


99 

100 

Right 

> I ohm 

3 

I 

10 

7 

Left 

1 .. Lies between 

4 , 

99 


8 

Right 

j > 07 and 0*8 

1 ^ ohms 

5 

r 

100 

76 

Left 


6 

99 

99 

77 

No change 

7 X“077 ohms 

7 

99 

99 

78 

Right j 

j 


Calculations. 



== ohms 

Result. The internal resistance of the given Leclanche ceil 



= ohms. 

Criticism of the Method. The method is not very suitable 
for the determination of the internal resistance of a Leclanche cell ow- 
ing to polarisation effects and the variation of internal resistance with 
the current. When the current in the galvanometer is reduced, by 
adjusting the variable high resistance in series with it, to get the deflect- 
ed spot of light on the scale, the galvanometer often becomes insensi- 
tive. The difficulty can, however, be overcome by the use, of a moving 
magnet mirror galvanometer or by connecting a condenser 
with the galvanometer as suggested by Lodge. 

26*17. I-odge's Modification of Mance^s method 
ring to ffg, 26*2, in this method a 
condenser of about 1/2 microfarad 
capacitance is placed in series with 
the galvanometer which should 
preferably have high resistance. 

The condenser prevents any steady 
current to flow through the galvano- 
meter, If there is any change of 
P.D. between B and D due to flow 
of current in the branch AKgC when 
the key Kjj is pressed, the charge on 
the condenser alters and this pro- 
duces a momentary kick or throw in 
the galvanometer. The resistance in 
the various arms of the bridge are so 
arranged that there is no kick in the pj ^ 
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galvanometer when , the key Kg is closed. Then the bridge is balanc- 
ed and the usual Wheatstone bridge relationship holds. By the use of 
the condenser the balance point can be accurately determined on 
account of the now increased sensitivity of the arrangement, and all 
chances of damaging the galvanometer by the passage of large currents 
have been avoided.. 

Exercise. To determine the internal resistance of a heclanche cell with 
metre bridge bj Mance^s method. 

As shown in. fig. 26*23, connect ceil whose internal , resist- 
.ance is to be determined in tht left gap,- of The .metre bridge. , by means 
of short pieces of thick copper wire, including a plug key K also in the 
circuit, .and j.n the right, gap of the bridge, connect a decimal-ohm box 
Connect.'.a weston galvanometer, with . a variable high .resistance. , in. 
series with it, in usual position of the cell^ i. between A and C, 
and join 'B to the jockey by a copper wire. See that., .the end .of 
the connecting wires are clean and that all connections have been firmly 
made. 



'. . Fig,’26*24. 

Adjust the decimal-ohm; box to a suitable value, say R=2 ohms. 
Close the cell key K. A current will flow through the galvanometer 
and hence its needle will be deflected. If the deflection in the galvano- 
meter is excessive^ reduce it by adjusting the variable high resistance 
placed in series with the galvanometer. Then press the jockey over 
the bridge wire. The current in the galvanometer will, in general, 
be altered and hence the deflection in it will change. Note down whe- 
ther the deflection increases or decreases. Shift the jockey to another 
point on the bridge wire and find by trial the position of the balance 
point D on the bridge wire such that when the jockey is pressed at that 
point, there is no cliange of deflection in the galvanometer. Note 
down the reading / on the scale of the position of the balance point on 
the bridge wire and calculate the cell resistante X from the formula 


Nexr adjust the decimal ohm box to the above calculated value 
of the cell resistance. Shift the jocfcey to near the middle of the bridge 
wire and find as accurately as possible the position of the balance 
point on the, wire. Note down the reading on the scale of the 
position of this balance point on the wire and calculate the 
value of the ceil resistance* Then slightly decrease or increase the 
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value of the known resistance R and take at least two nnore sets of clo- 
ser vations and calculate the value of cell resistance , for eich 

set of observation and take the mean. 

If with a particular value of knov% resistance R in the right gap, 
no balance point is obtained over the entire bridge wire, either there 
is a faulty contact or wrong connection somewhere in the circuit or 
the balance point lies on the end strip. In the latter case the known 
resistance R in the right gap is either very much smaller or greater than 
the cell resistance. 

This method of determining ceil resistance is not capable of giv-' 
ing very accurate result, firstly because the internal resistance of the 
ceil varies with the current drawn from it and, secondly, on accouril; 
of polarisation effects, there is a small change of steady deflection of 
the galvanometer when the jockey is pressed even if the conjugate re- 
lation holds. Another difficulty is- that the galvanometer often be- 
comes insensitive. This difficulty can, however, be overcome by 
using a moving magnet mirror galvanometer in wiiich case the deflec- 
tion in the galvanometer can be reduced without affecting its sensiti- 
vity by adjusting the position of the control magnet. The other 
sources of error which affect the result are the thermo-electric effects, 
heating e fleets, the non-uniformity of the bridge wire, the unknown 
resistances at the ends of the wdre and the non-coincidence of the point 
of contact of jockey with the pointer on it. 

26’iS. Carey Foster^s Bridge, This is a modification of the 
metre bridge in which effective length of the bridge wire has been con- 
siderabiy increased without actually increasing the normal length of 



Fig. 26’25 

the wire, by connecting two resistances R^ and R2 in series with the 
bridge wire, one at each end as shown in fig. 26*24. This increases 
the accuracj of the result due to anj error in reading the position of the balance » 
Joint on the scale as well as the sensitiveness of the bridge. 

If JX be the small error produced in the value of the unknown 
resistance X due to a small error of reading /, the relative inaccuracy 
in the result is (prec, 6 espt 26*3) given by 
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JX/X is minimum when l—Ljz 
result will be given by 

_ 4 . 

X ~ L 
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Therefore the hast inaccuracy in the 


dl 


5h 


Yot metre bridge 


since J/-I mm., the smallest division on the scale. 

L=ioo cm., and hence 

JX _ 1 

For Voster^s bridge 

the resistances in the two outer gaps be equivalent to « times tne ng 
of the bridge wire. Then 

L=ioo«-f-ioo=--ioo («+i) 

iX _ ^ 

X jL 250 («+^) 

Poj when L is virtually increased to twice the lengt t e 

bridge wire 

dX 

For =2, 


and 


I 

500 

I 

X "^ 750 

Thus the accuracy in the result increases as L increases, being directly 
'is Mbt the srnll shift in *= gi““ ^ 

of the bridge. When the bridge is balanced 

X I 
R " L-/ 


or 



- X= 


Ul w 

i^R=- 



l^ 

4 R 

LX 


-(^-0 


whence 

Let /=L/« where « is any number greater than unity. Then 

dl __ _L. 

dK , u fih 

This shows that in 
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in the above equadosi shows that when the value of R is increased by^R 
the value of / will decrease by an amount dl, 

26'I9. Comparison of two nearly equal resistances with 
a Carey Foster’s Bridge. Carey Foster’s bridge is specially suit- 
ed for the comparison of two nearly equal resistances whose difference 
is less than the resistance of the bridge wire. As shown in fig. 26*25, two 
resistances X and Y to be compared are connected in the outer gaps of 


4. 



Fig. 26*26 

the bridge in series with the bridge wire. These two resistances to- 
gether with the bridge wire form the two arms of the Wheatstone bridge, 
one composed of X plus a length of the bridge wire up to the balance 
point and a second composed of Y plus the rest of the bridge wire. 
The remaining two arms are formed by two nearly equal resistances P 
and Q which are connected in the inner gaps of the bridge. If 4 be 
the reading on the scale of the position of the null point, we have, 
from usual Wheatstone bridge formula 

p ^ X+a(A-fa) 

Q Y-ho* 


P . X+Y+g (ioo+a4-)3) 


(26*27) 


where a and ^ units of length of the bridge wire are the end corrections 
at the left and right ends of the bridge wire respectively, and a is the 
resistance per unit length oi the bridge wire. 


If now X and Y are interchanged and 1 % be the reading on the scale 
of the position of th&new point, we have 


_P_ ^ Y4-g(44-a) 

Q X+g (100— /g+jS) 


P Xd-’Yq-g 

^+ 1 = x+<r(ioo-4+j8) 


(16-28) 


Comparing equations (26*27) and (26*28) we see that the fractions 
on the right hand side are equal and since their numerators are identical, 
their dendrtiinators must also be equal. Hence equating the denomi- 
nators of the right hand sides of equations (26*27) and (26*28), W3 


have 
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Y+p(lOO — Ii+P)==^X + p(lOO—l2+P) 
whence X — Y=a ( 4 — 4 ) (26*29) 

Thus the difference between the resistances X and Y can he obtained bj defer^ 
mining the resistance of the bridge wire between the two null points, 

B^xperiment 16.4 

'object. To determine the resistance per unit length of a Carej 
Foster's bridge wire and then to compare the resistance of a given one- 
ohm coil with a standard one-ohm resistance.* 

Apparatus. A Carey Foster’s bridge, a Leclanche cell, weston 
galvanometer, a i-ohm coil, a decimal-ohm box* preferably dial pattern, 
sliding rheostat of small resistance, a single way plug key, thick copper 
strips, a shunt wire and connecting wires. 

Theory. Let tw’^o resistances P and Q of nearly equal values be 
connected in the inner gaps of a Cany Foster's bridge and let a known 
resistance R be connected in the outer left gap of the bridge. Then, 
if a thick copper strip be connected in, the right gap' of the bridge 
and 4 ^^^d 4 be the readings on the scale of the positions of the null 
point on the bridge wire before and after interchanging the known 
resistance II and the thick copper strip in the outer gaps, we have from 
equ. (26*29) by patting X=R and Y=o 

R=a (4 —4) 

0=— A— (26'3o) 

h~h 

Now^ let the coil of unknown resistance X be connected in the outer 
left gap and a standard known resistance Y of nearly the same value in 
the outer right gap of the bridge. Then, if If and 4^ be the readings 
on the scale of the positions of the null point before and after interchang- 
ing X and y, w^'e have, from equation (26*29) 

X--~Y-a(4-W/) - 

whence X=a(4'— 44+Y (26*31) 

This equation can be used to calculate X, if cr is determined 
from equation (26*30). 

: Method, (a) Determination ' of a.. Connect , a/ decinial-ohm 



Fig. 2 6’ at 7 
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box in the left g^p of a Carey Foster’s bridge and a copper strip 
in its outer r/^/# gap as shown in %. 26*26. Next connect the two 

terniitials at the base of a sliding rheostat MN to A and C and 
its sliding contact B through the westoh galvanometer to the jockey. 
Finally connect the Leclanche cell between A and C including a plug 
key, K, in the circuit.,' 

Now adjust the sliding contact B of the rheostat MN in the middle 
so that: the resistances P and Q introduced with its help in the 
/M^r gapsof the bridge may be nearly equaL Next adjust the decimal 
ohm box to a value R slightly less than the resistance of the bridge wire, 
say about 2 ohms. Then shuht the galvanometer and close the key 
JC* Shift the jockey towards the left end of the bridge wire and find 
by trial the null point on the bridge wire, the exact position of the null 
point being determined with full galvanometer sensitivity by removing 
the shunt. Note down the reading /j on the scale of the position of 
the null point of the bridge wire. 

Then interchange the two resistances in the outer gaps of the 
bridge and determine the value of for 4 above. This time the 
balance point will lie hear the right end of the bridge wire. Alter the 
values of P„ahd Q slightly hj moving the sliding contact B of the rhe- 
ostat MN and repeat the observations and determine the mean value 
of (/2— 4 )* Next alter the value of R and as ~ above, take at least 
five sets of observations for 4 ) “with different values of R, say i, 
1*2, I *4, 1*6, 1*8 ohms. Calculke the value of o’ £ot each set of observa- 
tions separately from equation (26*50) and then find the mean value 
of p. 

(f) Comparisoti of resistances. Next connect in place of the 
copper strip, the ‘one ohm coil whose resistance X is to be compared 
with a standard one ohm resistance. Adjust the decimal-ohm box to 
¥*=1 ohm. Shift the jockey to the middle of the bridge wire and find 
by trial the exact position of the null point 4' on the bridge wire, the 
final adjustment being done without any shunt across the galvanome- 
ter. 

Next interchange the resistances in the gaps of the bridge 
and shifting the jockey to the other sMe of the middle of the bridge 
wire determine as before the reading Itf on the scale of the position 
of the null point on the bridge wire. Then alter the values of P 
and Q and repeat the observations iot If OloA at least times. 
Lastly find the mean value of (4 — 4 ' )4 and use it to calculate 
the value of resistance of the given one-ohm coil from equation 
(26*31). 

Sources of error and precautions, (i) The ends of the connect- 
ing wires should be clean and all connections should be firmly made. 
The decimal-ohm box and the given one-ohm resistance coil should be 
connected by thick copper strips. 
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(2) A riaeostat should be used to introduce the resistances P and 
Q in the mmr gaps of the bridge and the sliding contact should be ad- 
justed to be approximately in the middle. It is not absolutely necessary 
that P and Q should be exactly equal except for high sensitiveness of 
the bridge, nor should their values be known. If P=Q, the positions 
of null point before and after interchanging the resistances in the outer 
gaps will be at equal distances from the middle point of the bridge wire, 
provided, of course, the wire is uniform. If P and Q differ very much* 
it will not be possible to obtain the two positions of the null point on 
the bridge wire. 

The use of rheostat to introduce P and Q in the inner gaps pos- 
sesses several advantages. Besides being cheap, it is flexible, for it can 
be used to obtain the null point in any part of the bridge wire and also 
enables us to take several sets of readings for (J ^ — for the same values 
of X and Y. With fixed values for P and Q this could not have been 
Dossible. 

(3) In order that the bridge may have high sensitiveness, the 
resistances of the four arms should be of the same order. 

(4) In order to reduce the inaccuracy in the result due to a small 
error in reading the position of the null point to minimum, the null 
points while comparing X and Y should lie as near the middle of the 
bridge wire as possible. 

(5) While determining the value of p the value of R should be 
comparable with the resistance of the bridge wire so that the two po- 
sitions of the null point before and after interchanging the resistances 
in the outer gaps lie near the ends of the bridge wire. The value of 
(4 — 4) will then be almost equal to the entire length of the bridge wire 
and the error in the value of <7 due to non-uniformity of the bridge wire 
will be reduced to minimum. 

(6) A plug key should be included in the cell circuit and should 
be closed when observations are being made. 

(7) The galvanometer should be shunted by a low resistance 

wire to avoid excessive deflection in it when the bridge is out of 
balance. The exact position of the null point should be determined 
with full galvanometer sensitivity by removing the shunt wire 
from. it. , , 

(8) The cell circuit should be closed before depressing the jockey 
over the bridge wire, but when breaking, reverse order should be 
fcllowed., ■ 

(9) The jockey |houid alyirays be pressed gently and the contact 
between the jockey add the bridge wire should not be made while the 
jockey is being moved along. 
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Obsetvatioiis. (A) Determination of p. 


S. No. 

R 

ohms 

Position of balance 

strip : 

point with copper 
n the 

(Wi) 

cm. 

Mean 

(/a-4) 

cm. 

ohms/ 

cm. 

k 

cm. 

Left gap 

k 

cm. 
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Mean 


(B) Comparison of given one-ohm coil %vith standard one ohm 


S. No. 

Position of balance point 
coil X ic 

with the given one-ohm 

L the 

1 1 

W-k\ 

cm. 

Resistance 

X 

of given 
one-ohm 
coil 
ohms 

Left gap 

h' 

cm. 

gap 

cm. 

I 









^ 

3 

1 

1 



Mean 



Calculations. ,o*=j- — -- 

= ohms/cm. 

X == p {If -If) + Y, Y - 1 ohm 

= ohms 

Result. The resistance of the given one-ohm coii= ohms* 
Percentage error = 
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; , Cdticism of the method. The method- is very suitable for the 
comparis on of two near/j resistances and yields quite accurate re- 

sults. In the derivation of the expression X— Y=P ( 4 — 4 ) the 
corrections have cancelled out and hence such unknown factors have 
no influence on the result. The sensitiveness of the bridge and the 
accuracy in the result have been increased considerably by virtually 
increasing the length of the bridge wire. 

It is assumed that the bridge wire is uniform in cross-section. 
This may, however, not be the case in practice. Hence in all 
exact work the wure should be first calibrated and the value of resis- 
tance of the bridge wire between the two positions of the null point 
before and after interchanging X and Y obtained from the calibra- 
tion curve. The result is also affected by heating of resistors and 
the bridge wire by the current and thermo-electric effects. 

From the equation (26.51) it is evident that the difference bet- 
ween the two resistances to be compared is equal to the resistance of 
the bridge wire between the two positions of the null point. From 
this it follows that the method fails if this difference is greater than the 
total resistance of the btidge wire for then the two positions of the 
null point cannot be obtained. Note that in this method of compa- 
rison of resistances, the two resistances are never comr ared directly. 

26. o. Galibratioti of Carey Foster’s bridge wire. A length 
of manganin or constantan wire is taken and its resistance measured 
with a Carey Fosters’ bridge. Then a length of it 2 cms. in excess of 
bridge wife is cut off. If a wire of the same material and cross-section 
as the bridge wire is available, a piece of it 7 cms. in length can be 
cut off without measuring its rsistance. This is then soldered to two 
stout copper connecting strips as shown in fig. 26 . 27 , the two cm. 
excess of the wire being soldered to the strips. Then the resistance X of 
the wire between the strips will be nearly equal to 
that of the bridge wire. This reistance X is 
connected in the outer left gap of the Carey Fos- 
ter's bridge (Fig. 26.29) and 2. thick copper strip 
Y of practically zero resistance is connected in the 
outer right gap of the bridge. Theen the two fixed 

■ terminals . at' -Abe.;' 

Fig. 26*28' ’ .base of a, suitable'',. 

'■rheostat arevcon-. 
nected' .I to ■ 'the 
points. A7a.nd C 
of the,...brl-dge, its'; 
sliding ■ ' 'Contact.' - -■ B 
being connected, 
through -,',."a''-.galva-'.. 
no.meter' to the, 

; j-o'ckey. 'The." ceil' 
is connected 
Fig. 26*29 in its usual place 

between A and C. 
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The ceU circuit is closed and the rheostat adjusted so that the 
null point lies as close to' the left' end^ M of the bridge wire as possible 
and the reading on the scale of its position on the bridge wire 
noted, X and Y are then interchanged and the reading 4 on the 
scale of the position of the new null point determined. Then ( 4 — Ii) 
is . the first section of the wire .whose resistance .is equal to X, ' Next 
keeping the jockey mdisturbed X and Y are placed in their first 
position and the rheostat adj usted again until the null point lies at 
the point of contact of jockey on the bridge wire, at 4 - Then 
X and Y are again interchanged and the process repeated until the 
vlght end N of the bridge wire is reached, noting down the readings on 
the scale of the positions of the successive null points on thebridge wire. 

Then successive. differences Xi, ^3, between the reading 
4? 4> 4? etc., on the scale of the position of the successive null 
points are found out. Let their mean value be x. Each successive 
difference Xi, X2, etc., is then subtracted from this mean value x which 
gives the error over each section. To find out the correction which 
is to be applied at a point, say P distant 4 from the left end of the bridge 
wire, these errors are added up algebraically from the left end of the 
bridge wire to the point P. Next a graph is plotted taking the lengths 
of the wire as abscissae and the corrections at the 21 points including 
the two ends at which the corrections are supposed to be aero, as or- 
dinates. The graph will be the caUbration curve of the bridge wire and 
from it the correction at any point on the bridge wire may be found 
out. Now, if th.Q end corrections a and jS with their sign reversed are also 
plotted on the same graph and the points corresponding to them 
joined by a straight line, the total correction at any point of the bridge 
wire can then be read off on the curve with reference to this line, 

26*21. Effect of temperature and other factors on resistance. 
The resistance of a conductor also depends upon the purity and density 
of its material, drawing and annealing of the material and its tempera- 
ture. The presence of even a slight trace of another metal has an enor- 
mous effect on the resistance, and hence copper used for electrical pur- 
poses must be exceptionally pure. The resistivity of an alloy is much 
greater than that of any of its constituent metals. This is a character- 
istic property of alloys and is used in the preparation of wires of high 
resistivity. Annealing diminishes the resistance of metals but gives 
it permanence, and drawing increases the fesistance. 

The. resistance of metals is also affected by magnetic fields but 
the effect In most cases is very small. In . the case of bismuth the resis- 
tance can be doubled if a strong magnetic field is applied perpen- 
dicular to the direction of the current. - This remarkable property of 
bismuth can be used to measure strengths of magnetic fields. The 
resistance of, solid^ crystals, ; of selenium,, tellurium and carbon 
are affected by light or X-rays. On account of this property of sele- 
nium, its ceils are used in talking films and telephony by means of light 
beam. In the case of the single cystals not belonging to the regular 
system, e.g,^ tin (tetragonal) the resistivity changes with direction also. 
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... , the resistance varies with temperature. 

The resistivity and hence u . rise of temperature. 

For pure metfli^he resistan ^ conductor at /®C and R© tiiat at o°Gs 
If R be the resistance ot a merai temperature coefficient of resis- 

theaR=Ro isVmerically equal to the 

tanee for the material of the con temperature. Here 

increase in unit resistance at ral case it 

the original resistance has temperature coefficient ts numerically 

can be at any temperature q rise in temperature, 

equal to the fractional mcreas. i« / mercuiyO is about i ays or 

Ihe value of a for the volume or pressure co-efficient 

j- 76 X IO-* per “Q pure metals is almost directly propor- 

for gases, and hence the -'The value of a for iron is very high 

tional to their absolute ^ heat to an abnormaUy high value. On 

and increases suddenly at tea u ^geafor automatic regulation of 

account of this property gnce of an impurity decreases the 

current in Nernst lamps. ^^^tate coefficient and the specific 

value of a but the ptoduct of ®P £ pure and the impure 
resistance at any temperature is the same 

metal. , . p_-d (j-^at) for variation of resistance 

The simple cure metals is true for small ranges of 

With temperature f f between R and t i.s not really a straight 

tempereture only, for tbegrapn ^£ t^.u,perature or tor an 

line but OLparabobc curve. For g y therefore, be represented 

accuratework,thevariationofR|ith^J^ ^ ig , ^^ry small 

by more exact expression R—^of^ ,^£ {[,(. conductor, 

additional constan^^ jg ug^.j to measure tem- 

The variation of resistance w ‘ ^ j platinum, e.g., m platinum 

W., .«a a„. 

absolute temperature, It wab sur _ oq t|.|e recent researches of 

^ould vanish at s.iown that the above rule 

Kamerlinga 9“^ ’ n the resistance of manv pure mttds 

changes rapidly "zS m a v.ilue t, .n small to be mea- 

top, S * #” “ * 

The reeisfnee » tl»n‘ in pn« mefls, 

temperature coefficient IS mu> nianc:^ancse. in certain pro 

especially in alloys containing • temperature coefficient 

portion, .^.const-V “-S^h^peraJme incrhises. the pointat 
ot manganin ,1,,. iron content. On acco- 

Snswntfn afe chiely used in the construction ot standard rcsistames. 

4*priktatice of non-metal lie conductors, e.gr, c^ubon, silicon^ 

tellurium, etc., electrolytes, and insulators like glass, marble, slate, etc. 
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which become partial conductors at high temperatures, decreases with 
rise of temperature, i.i?., they have a negative temperature coefficient. 
The resistance of a carbon filament lamp at room temperature is about 
1*6 to 2*4 times its resistance when heated under full voltage. The 
resistance of electrolytes decreases by about 2*5 per cent per degree 
near room temperature. The non-metallic element boron has an abno- 
rmally high negative temperature coefficient. Very pure graphite, how- 
ever, has a positive temperature coefficient. 

26*23. Standard Resistances, Resistance Boxes and Rheos- 
cats. For many practical purposes, ^.g., measurement or comparison 
of resistances, standard resistances are required. The mercury standard 
described in § 26*2 is not convenient for general use in the laboratory 
and hence standard resistances consisting of wires of suitable materials 
are constructed. The most important properties of such standard resis- 
tances should be— 

{a) permanence, /. no variation of the resistance value of the 
finished standard with time, 

(b) robust construction and convenient size, 

{e) negligible variation with temperature, 

{d) very small thermo-electric effect, 

{e) very low inductance and self-capacitance, and 

(/) capacity for carrying appreciable current without over-heating. 

A consideration of these requisites of standard resistances shows 
that the material to be used in their construction should be of high resis- 
tivitj so that a reasonably compact standard oi given value with 
a convenient size can be made up without using either an abnormally 
great length or dangerously thin section. The temperature coefficient of 
resistance iot the material should be practically nil and it should have a 
very small thermo-electric effect with copper. In addition it should 
not easily oxidise, should be unaffected by moisture, acids, etc. and 
should be easily worked and jointed. 

These requirements are best satisfied by alloys manganin, therlo 
constantan, eureka, etc. The alloy manganin of the composition 84% 
Cu, 12% Mn, 3*5% Ni and 0*5% Fe has an extremely low temperature 
coefficient 0*000004 per at 20 ^C, a very small thermo-electric E. M. F, 
against copper 3 to 8 micro-volts per ° C, and a high resistivity 5 o micro- 
oiams Xcm. at 20 ®C and is, therefore, used in high-grade standard 
resistances. 
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Properties of Resistance Materials 
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1 ■ ' . ; 

Brass 

7'-9 

0*0015 



! German Silver (6o % Cu, 




, ';'P 

; * 1 % Ni. 19% Zn) 

15—40 
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Various forms of standard resistances have been designed. In 
one form a coil of manganin wire is wound 
mn-inductively on a metal bobbin. In non- 
inductive winding the wire is first doubled 
on itself and then wound (Fig. 26*30) which 
gives the effect of two coils, side by side., car- 
rying currents in opposite directions so that 
the magnetic fiux in one coil neutralises 
the magnetic fius. through the other. The Fig. 26*30 

residual is, therefore, ^ero or so small that the self inductance may 
be neglected. In this type of winding the self -capacitance is also small. 
This wire is always silk covered in order to save space and is insulated 
from the metal bobbin by a double layer of shellaced silk which is baked 
before the wire is wound on to remove moisture. The wire is laid in 
a single layer so that the heat produced by the current in it may be re- 
moved as efficiently as possible. After winding the coil is shellaced and 
baked at i4o®C. This dries the coil as well as anneals the wire. Anneal- 
ing of the material is also done during its manufacture. Annealing 
removes bending strains in the wire and hence ensures greater perma-.^ 
nence of the resistance of the coil. The bobbin and the coil are enclosed 
in a cylindrical case with an ebonite cover, the space between the 
coil and the wail of the cylinder being filled with paraffin wax to 
prevent the absorption of moisture. The leads from the coil arc 
two copper rods Which are silver-soldered to the coil and serve 
as the terminals. Their ends are amalgamated, and when electric 
connections are made, they are dipped in mercury cups to establish 
good contact. 



In the construction of low resistances ( Fig. 26*31 ) strips 
of suitable alloys are used instead of coils of wires, and since 
taey are often required to carry large currents as is the case 

with those used for potentiometer work, adequate 

‘f'i cooling must be provided which is done by immersing 
the resistance in first grade paraffin oil. This oil 
Mj * I should be free from acid and water in order to avoid 
P" id|re| I corrosion of the resistance alloy. The oil should be 
; i I® stirred by a motor-driven stirrer and cooled by some 
® ii IP water-cooling arrangement.. .. These low resistance 
standards used with large currents are provided with 
tiir- potential terminals as \vell as current terminals. The 
Fif>, 26*31 nominal value of the standard is measumd between 
the potential terminals and the standard is connected 
a circuit by the current terminals. 


Uiik 


For varying the resistance of a circuit in steps of known amount, 
resistance boxes are used. In the plug type arrangement resistance 
coils of various values are arranged in series likeThe weights in a weight- 
box by means of w^hich any multiple of . the unit of the box up to the 
sum of all the coils can be obtained by removing the appropriate plugs 
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whereby the correspoadiog coils will be put into 
the circuit. The values of coils are such as to give 
a particular resistance with the smallest numbe r 
of coils. The series commonly adopted is i, a, 2, 
5, 10, 20, 20, 5O5 up to 500 or 5,000. There is no 
coil between blocks separated by the gap 
marked ‘infinity’ so that by withdrawing the 
‘infinity plug’ the circuit which includes the 
box is broken. Fig, 26*32 shows the method 
of mounting coils in such boxes. As the spacs 
available for each coil is the same, finer wires 
are used for large resistances. For accurate 
work it is necessary that the contact resistances in 
Fig, 26*32 these boxes should be small and constant in value. 
This is achieved by making the plugs tapering, conical in shape, and 
pressing them firmly in the sockets before any measurements are made. 
Further they should always be inserted (or withdrawn) with a screwing 
motion which ensures good contact and prevents the plug from fasten- 
ing tight in the socket. 

in the dial type arrangement there is a group of ten' i-ohm 

coils in series, a group of . 

ten I o-ohm coils in series p* ^ ^ 

and so on. The coils in ' '' 

a group are arranged in 
a circle (Fig. 26*33) and 
the junctions between 
the consecutive coils are 
connected to brass studs 
fixed in circle over the . 
ebonite cover of the 

box. By rotating a lami- Fig. 26*53 

nated copper brush or arm round each dial and making contact with 
the appropriate stud, any required number of units, tens and hundreds 
can be obtained. This pattern of resistance box has almost negligihh 
contact resistances and hence is preferable to the plug type arrangement 
in w'hich the contact resistances are appreciable and depend upon the 
pressure with which the plugs are inserted in the sockets. 

When the resistance of a 
circuit is varied continmnsly 
instead of the, steps, a rheostat 
is ' used. , These ■, rheostats; , a.re:,' 
of, various types,,,, ^slidiI^g, ■ 
rheostat, rotatory, , rheostat,'' 'etc',,: 
In' one form 'Of'",sii'ding" 'rhe'osta't 
(Fig. 26*3,4)'a,,wireof''the^ suitable,'':'^' 
material 'Such„,„ 'as constantan,', 
manganin, etc., is wound on a 
cylinder of slate or enamelled 
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iron so that its turns are close together but not touching each other. The 
two ends of the wire are connected to two binding screws at the two 
ends of the cylinder. A third binding screw is fixed to metal rod along 
which slides the metal slider which makes contact with the turns of wire. 
By connecting the binding screw fixed to the metal rod and one of the 
screws at the base and then sliding the metal slider, any desired part 
of the total resistance of the rheostat can be introduced in the circuit. 
For introducing the whole of the resistance, the two binding screws 
at the base may be used. The rheostat can also be used as potential 
divider. For this the current is passed through the whole rheostat by 
using the screws at the base when there is a fail of potential from one 
end of the rheostat to the other, from which a portion may be tapped off 
by using one of the terminals at the base and the screw attached to the 
rod along which the metal slider moves. 

In using the resistance boxes and the rheostats, care should be 
taken never to pass currents of values greater than the maximum which 
the coils in the boxes or rheostats can safely carry otherwise the coilv 
or the wire in the rheostat will be over-heated and burnt. 

Bulb or Lamp Resistances. When the current is taken directly 
from electric mains, the strength 
of the current in the circuit is 
regulated by lamp resistances. 

These lamp resistances consist of 
several lamps connected in para-^ 
llel (Fig, 26*35) the combination 
in series with the 


- 

Mams h' I 




Fig. 26.35 


being inserted 
circuit. 

The lamp resistances are very cheap and convenient. 

26*24. Potentiometer. A potentiometer is a device for com- 
parison or measurement of E. M. F. ot P. D. by balancing the unknown 
against a variable potential difference the value of which may be known 
in terms of a standard of E. M. F. In its simplest form it con- 
sists of a long piece oi uniform ivire oi fairly resistance stretched 
over a scale of equal divisions. The ends of the wire are connected 
to a secondary cell whose function is to maintain a perfectly steady 
P, D, between the ends of the wire, which must always be greater than 
the E. M. F. or the P. D. to be measured. 

the principle of working of a potentiometer let 
us first consider the ilow of water 
through a pipe AB in consequence 
'B of a difference of level or hydro- 
static pressure A and B, 

the higher pressure being at A. 
If the pipe AB be tapped at any 
two points between A and B, say 

at C and D ( Fig. 26*36) and a 

p. . branch pipe CPD attached, the 

big, 26 36 current of water flowing through 

the pipe AC will now divide at C into two parts both flowing towards 


D 




' 




V. 


J 
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e 




D, one through the mai« pips CD 

CPD, and the greater the distance between C and ^ 

difference tending to urge the mater through the branc p ^ . 

Now let us consider the flow of a current ^ ® 

conductor AB in consequence of a P. D. between A and B, the pote^ 

„.,„A bd.g "«.4,:%r»,Ts\rre,Lri., 

a branch conductor CPD is connect- 
ed to the conductor AB (Fig. 
the current flowing along AC will 
now divide at C into two portions 
both flowing towards D, one along 
. .> . new 

Fk. r6-57 path CPD, and the greater the dis- 

tance between C and D . greater 
will be the P. D. fending to urge the current along the branch conductor. 

Next referring again to fig. let us suppose that some- 

thing of the nature of a rotatory or ^ 

force pump be Inserted in the branch 
CPD (Fig. 26’ 5 8) and let it be driven 
at constant speed by sotne poorer 
and thus maintain a steady pressure 
difference between N and P. The 
pump mav evidently be driven in 
either direction and will assist or 
oppose the flow of water through 
the branch pipe in the direction 
CPD according as the pressure at 
N is maintained lower or higher than 
that at P. Now let the pressure ^ 

at N be higher than that at P. Then as the pump now opposes the flow 
of water through the branch pipe in the direction CPD, the current of 
water in the branch pipe will flow in the direction CPD or in the opposite 
direction according as the pressure diflerence between N and P is smaller 
f:>r greater than that between C and D. If the current of water through 
the pipe A B be of such strength that the pressure diflerence between 
C and D is exactl}^ balanced by the pressure difference between N and P 
maintained by the pump, then the tendency for the current of wafer to 
flow in one direction is neutralised by the tendency to flow in the opposite 
direction and hence there will then be nti flow of water through the branch pipe. 
This absence of current of water in the branch pipe can be shov/n 
bv some sort of flow indicating instrument inserted in the branch 



Fig. 26*38 


Now referring to fig. 26*57, let us suppose that a call of constant 
H. M. F. be inserted in the branch CPD (Fig. 26*39) and let N be 
the positke pole of the cell. Then, since the potential at N is higher 


549 


MEASUREMENT OF RESISTANCE AND OTENTIAL DIFFERENCE 


than that at P, the current flowing 
through the branch conductor in 
consequence o£ the P,D. between 
C and D will be opposed by the 
P.D, between N and P, and 
evidently the current in the branch 
Gonductoi* will flow in the direction 
CPD or in the opposite direction 


tC 


o- 




Fig. ' z6*59 

according as the P. D. between N and Pis smaller or greater than 
that between C and D. If there be no how of current through 
the branch conductor CPD, the tendencj for the current to flow in the 
direction CPD is neutralised bj the tendency to flow in the opposite direction^ 
and hence in that case, from the analogy of flow of water through a 
pipe as given above, we conclude that the potential difference between C 
and D tending to urge the current in direction CPD is exactly balanced by the 
potential difference between N and P tending to urge the current in the opposite 
direction. The absence of current in the branch conductor can be shown 
by a galvanometer inserted in the branch CPD. 

Now let r be the resistance of the portion of the potentiometer 
wire between C and D and let i be the steady current flowing through 
it. Then the potential difference between C and D is equal to ir. When 
there is no deflection in the galvanometer, the potential difference between 
C and D is exactly balanced by the potential difference between N and P. 
Hence P. D. between N and P is given by 

V=/r 

. ■/ 

But r==/> 

where / is the length of the portion of the wire between C and D, S 
its area of cross-section and p the resistivity of the material of the 
potentiometer wire. 

i pi 
~S" 


Thus 


If the wire be of uniform cross-section throughout and the current 
in the wire is of constant strength, /p/S will be constant. Since p/S 
is the resistance of unit length of the wire, ipjS wdll be the fall of 
potential per unit length of the wire, /.<?., the potential gradient of 
die potentiometer wire. Hence, if K be the potential gradient of the 
wire 

Y=ipllS^Kl 

When there is no current in the branch CPD, the cell is on 
open circuit so that the potential difference between N and P equals 
the E. M. F. of the cell. Thus when there is no deflecdon in the 
galvanometer 

E. M. F. of the ceil NP=K/=potendal gradient X length 
' CD* 
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The potentiometer is the most accurate device for the comparison 
or measurement of E, M. F. or P. D. The accuracy of the instrument 
depends upon, (i) the constancy of the difference of potentials^ between 
its ends and (it) the uniformity of cross-section of the wire. The 
accuracy in obtaining balance evidently depends upon the 
sensitipeness of the galvanometer inserted in the branch CPD. For 
a given potential difference between the ends of the potentiometer 
Witt ^ the sensitipeness of the potentiometer increases with the length of 
its wire fiot the greater the length of the wire smaller will he the potential 
gradient and hence greater will be the sensitiveness. 

But it is very inconvenient to use a very long wire. Hence instead 
of one wire several parallel wires, connected in series are often used, 
the first and second wires being connected by copper strips fixed at 
one end of the board and the second and third similarly connected 
at the other end, and so on. But the use of many wires involves 
two difficulties, {d) the apparatus becomes cumbersome and (f) it is 
difficult to get a very long wire of absolutely uniform 
throughout. These difficulties are overcome by using a short 
wire connected in series with a number of resistance coils, 

the resistance 

of each coil 

being equal 
to that of 

the wire. A 

potentiometer 
of this type 

is shown in 

fig, 26*40. 

Fig. 26*40 

It is very important that there shall be no appreciable 
thermo-electric E. M. F. within the potentiometer itself. Accordingly 
manganin which has a very low thermo-electric E, M, F\ with 

copper is usually selected as the material for the construction of 
potentiometer coils and slide wire. Manganin has also negligibk 

temperature coefficient of resistance and high resistivity. The contacts 
and joints in the potentiometer are often made of a special gold- 
silver alloy which is not affected by acids. To protect the contacts from 
atmosphere they are in some cases included within the case of the 
instrument. This also ensures a uniform temperature of all parts. 

26*25. Crompton Potentiometer. It is a compact md 
precision type of potentiometer in which 

is considerably increased without sacrificing its accuracy. As iliustratcd in 
fig. 26*41, it consists of a manganin or constantan wire AB, 

of 50 cm. in length, connected in series with fourteen coils each of which 
has a resistance equal to that of the wire AB. By means of a rotatihg 
svitch S any number of coils can be put in series with the wire AB. 
The main circuit battery is connected at M. In order to alter the 
sunsitivity of the instrument, the main circuit is provided with two 
adjustable rheostats Rj and R2 for rough and fine adjustments* 
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The sources whose P. D. or E. M. Fs. are to be measured oi 
compared are connected at Eg, E3, etc., and can be successively 
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Fig. 26*41 

brought into the circuit by rotating the switch K. The tapping key T 
brings the galvanometer G into the circuit through a resistance r which 
is reduced to zero while determining the exact balance point. 

To calibrate the potentiometer a standard weston cadmium 
ceil (E. M. F,= i*oi 83 volts) is connected at Ej and, brought into 
the circuit by rotating the switch K. By means of S, ten coils are 
switched on and the jockey is set at 18*3 divisions from the end A. 
Then the current in the main circuit is varied by means of the 
rheostats and R2 until there is no deflection in the galvanometet 
/.5,, the exact balance point is obtained. This calibrates the 
potentiometer, each smaller division of the scale correspon:ling to 
one millivolt. Any P. D. or E. M. F. can now be measured by 
connecting it say, at E2 and then obtaining the balance point. 

26*26. ComparisoD of E. M. Fs. of two cells. As shown 
in fig. 26*42, the potentiometer wire is connected to a battery pf constant 
E, M. F. in series with a suitable rheostat so that a steady potential 
difference h maintained - 

between the ends of the . 

wire. The +ve poles of \ — - ^ 

the two cells whose \ 

E. M. Fs. El and Ea are j' 
to be compared a e I 

joined to the end A of 

the potentiometer wire 

which is at potential Fig. 26*42 

while their —ve poles are 

connected, through a two-w^ay key, to a galvanometer, the latter 
being connected to a jockey which can be slid over the potentiometer 
wire. The two cells are connected in turn to the galvanometer by 
means of the two-way key and the point of contact of jockey 
with the potentiometer wire altered until the galvanometer shows 




galvanometer, the latter 


no deflection. Let the points of contact be C 


for cells of 


E. M. Fs. Ej and Eg respectively when there is no deflection in 
the galvanometer. Then 
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El — P. D. between A and Q 

=Potential gradient x length of AQ 
Similarly Eg— Potential gradient X length of ACg 
El length of AQ __ /| 

£2““ length of ACg ~ 4 

It is evident that the P. D, between the ends of the potentiometer wire 
must be greater than the E. F. of each of the two cells under examination , 
The advantages of this method are: 

{a) When there is no deflection in the galvanometer, the cells 
are on open circuit and hence we compare the true values for. their E. M. Fs. , 

(i?) Since the cells are not giving out current during the measure- 
ments except nry small currents during adjustments, we get accurate 
results even with those cells which polarise readily, and 

{c) It is ^ Mill method, t.e., it depends upon reducing the deflection 
in the galvanometer to zero, a process which can be carried out with 
much greater exactness than the reading of a deflection. 

26-27. Internal Resistance of a cell. When a resistance is 
connected across a cell, the current which results circulates right 
round the circuit from the positive plate to the negative plate 
in the external circuit and back through the liquid inside the cell 
from the negative plate to the positive plate. During the passage 
of the current inside the cell the liquid conductor offers some 
resistance to the flow of the current. This resistance is called the 
internal resistance of a cell. The internal resistance r of a cell is 
made up of tw-o parts, one being dependent upon (/) the area of 
the plates in the electrolyte, {it) the distance between them 

and {iii) the nature of the electrolyte, and the other r^ being dependent 
apon the strength of the current only. If S be the area of the 
plates immersed and / the distance between them, then ri=/// 4 S 
where is a constant wEich depends only on the nature of the 
electrolyte and is known as its specif c conductivitj \ is associated 
with the passage of current out of the plates into the electrolyte 
and varies directly as the strength of the current, 'Pot very small current 
Tg may be assumed to be negligible. 

Thus, if R be resistance of the external circuit, the tot al 
resistance of the circuit is (r-j-R) and hence the strength of the 
current in the circuit is given by 

^ r-pR 

when E is the E. M. F. of the celL 

Now, if V be the terminal P. D., i,e,, P.D. across the external resis® 
tance R, we have from 

V=iR 
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Equating the above two expressions for /, we have 
■ '■ V_ E 

R~r+R 
r+R E 

or -ir-^37 

E— V 

whence r= R 


(26*36) 


(26*37) 


This equation enables us to calculate internal resistance of 
the cell, if E and V are determined. 

Experiment :6.6 

Object, To determine the internal resistance of a heclanche 
cell by means of a potentiometer. 

Apparatus, A potentiometer, a storage battery, a rheostat, 
a resistance box, a high resistance, a weston galvanometer, a plug 
key, a tapping key and connecting wires. 

Theory; Let a constant P. D. be maintained between the 
two ends A and B of a potentiometer wire, the potential of A being 
higher than that of B. Let the q-ve terminal of the cell whose 
internal resistance is to be determined be connected to A and 
the — ve terminal through a galvanometer to a jockey which slides 
over the potentiometer wire. Further, let 4 be the length of the 
potentiometer wire for no deflection in the galvanometer. Then, since 
th& h on open circuity we have 

E=K4 (26*38) 

where E is the E. M. F. of the cell and K the potential gradient of 
the potentiometer wire. 

Now let the cell be short-circuited by a resistance R. Since 
the ceil is now supplying current, the potential difference V 
betw'een its terminals is less than the E. M. F. of the cell and 
hence the length of the potentiometer wire for balance will be 
less than 4. Let 4 length of the potentiometer wire in 

this case when the galvanometer shows no deflection. Then 

V=K 4 (26*39) 

Now, if r be the internal resistance of the cell, we have, from 
equation (26*37) 

r=(|-i )R 

Substituting the values of E and V from equations (26*38) and (26*39) 
in the above equation, we get 

- I )r ■ ... (26*40) 

from which the internal resistance of the cell can be calculated if 4 
and A are determined. 
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Method. Referring to fig. 26*43, 



-m-'- 

Fig. 26-43 


connect the two ends A and B 
of the potentiometer wire to 
a storage battery S in series 
with a rheostat Rj including 
a plug key in the circuit. 
Connect the +ve pole of the 
Leclanche cell E whose 
internal resistance is to be 
determined to the higher 
potential end A of the poten- 
tiometer wire and connect 
its — ve pole to the jockey of 
the potentiometer through a 
weston galvanometer and a 
high resistance R2 all in 
series. Finally connect a 


resistance box through a tapping key across the poles of the Leclanche 
ceil E. 


Close the key K^. Press the jockey over the first wire near 
the end A and then on the last wire near the end B and see that 
the deflections of the galvanometer are in opposite directions. If 
it is not so, then, if the connections are correct, the potential 
difference between the ends of the potentiometer wire is less than 
the E. M. F. of the cell E. In that case reduce the resistance in 
the battery circuit by means of the rheostat Rx and adjust its value 
until the null point is obtained roughly on the last wdre. Now 
remove the high resistance Rg connected in series with the galvanometer 
and determine the exact position of the null point. Open Kx and note 
down the length of the wire from the end A up to the position of the 
null point on the wire which gives the value of /x- 

Next adjust the resistance box connected across the Leclanche 
cell E to a suitable resistance R, say, i, 2, 5, 10,20, 30, 50 or 100 
ohms. ^ Close Kx. First press Kg and then the jockey over the 
potentiometer wire and determine as before the exact position of 
the new null point keeping the current in the battery circuit the same. 
Open Kx and note down the length of the wire from the end A 
to the position of the new null point on the wire Which gives 
the value of /g. 

Repeat the experiment with different values of R taking 
observations for ^ open and closed circuits of the 'Leclanche cell alternately. 
Then slightly increase the resistance in the battery circuit and again 
repeat the experiment with the same values of R. Finally calculate 
the value of internal resistance r of the Leclanche cell from equation 
(26*40) for each set of observations separately. 

Sources of error and precautions, (i) The battery in 
the main circuit must be of practically E. M.F. and preferably 
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of large capaGity so th'Sit the current in the potentiometer wire maj remain 
constant throughout the test: 

(а) The magnitude of the P. D. between the ends of the poten- 
tiometer wire must be greater than the E. M. F. of the cell whose in- 
ternal resistance is to be determined. 

(3) A suitable rheostat should be connected in series with the 
battery in the main circuit in order to increase the sensitiveness of the potentio- 
meter by decreasing the total fall of potential between the ends of the 
potentiometer wire, and should be adjusted so that the aull point lies 
roughly on the last wire. 

(4) A key should be included in the main circuit which should 
the closed only when observations are to be made. 

(5) A high resistance, say of loooo ohms should be connected 
in series with the galvanometer and should be kept until the approximate 
position of the null point has been found. This will reduce the 
current in the galvanometer thus preventing it from excessive deflections 
as well minimise polarisation in the cell while the approximate position 
of the null point is being determined. The exact position of the null 
point should be determined by finally removing this resistance which 
increases the sensitiveness of the test of null point by increasing the 
current in the galvanometer. Note that the presence of high resistance 
in the galvanometer circuit does not in any way alter the position 
of the null point. 

(б) A tapping key should be connected in series with the 
resistance box connected across the cell E and should be pressed 
only when observations are to be made. This will avoid continuous 
dow of current from the cell into the box thus minimising polari- 
sation effects in the cell. 

(7) The cell whose internal resistance is to be determined should 
not be disturbed during the course of the experiment as it may alter its internal 
resistance, 

(8) The contact between the jockey and the potentiometer 
wire should be momentary and should not be made while the jockey 
is being moved along, otherwise the wire will be worn unevenly in 
various parts and no longer remain uniform in cross-section, 

(9) If the balance point is obtained on the connecting strip 
between the wires, it should be shifted on to any of the two wires 
connected to it by slightly changing the resistance in the battery circuit. 
But note that the total resistance of the battery circuit iot same 
set of observations of the P. D. between the terminals of the cell on 
open or closed circuit must remain the same. 
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Observations' 


S. No. 

Length* of the potentiometer wire with 
the cell on 

E 

ohm 

1 Internal 

J resistance 

■ ' r . 

ohm 

Open circuit 

Closed circuit 

No, of 
complete 
wires 

Position 

of 

null 

pt. 

cm. 

Total 
length 
of wire 

h 

cm. 

No. of 
complete 
wires 

Position 
of 
null 
point • 
cm. 

Total 

length 

wire 

1 % 

cm. 

I, 







1 


2. 







2 


3- 







5 


4 . 







10 


5* 







20 


6. 







30 


7* 







50 


8 . 





[ 


100 



Calculations. Set I. 



ohms. 


[Similarly calculate r from other sets of observations] 

Result. The resistance of the Leclanche cell varies With th? 
current drawn iiom it between 

Criticism of the method. When the Leclanche cell is 
short-circuited, it discharges at a considerable rate and rapidly 
becomes polarised. The result is that the internal resistance of the 
cell increases. The greater the current drawn from the cell, the 
greater is the polarisation in it and hence greater is the increase 
in its internal resistance. The value of internal resistance of the cell 
will, therefore, be different for different values of resistance short- 
circuiting the cell. If the time taken to determine the ncil point when 
the cell is short-circuited is the null point will continuously shift on 

the slide wire due to its internal resistance chan^ng on account of polarisation. 

The value of E. M. F. of the cell can, however, be determined 
quite accurately as the cell is then on open circuit and in this respect 
this method is superior to voltmeter method of measuring the E. INI, F. 
of the cell. It is a null method and is, therefore, comparatively more 
accurate than the voltmeter method. But since the method possesses 
all the defects due to polarisation, it does not yield satisfactory results, 

’Experiment 26 '7 

Object. To calibrate a given voltmeter of i-volt range by 
means of a potentiometer. 

Apparatus. A potentiometer, two storage batteries, two 
rheostats, a standard cadmium cell, a weston galvanometer, a 

*in case of a coil potentiometer, no. of coils and length of wire should be noted. 
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voltmeter to be calibrated, a fwo-way key, two single-way keys 
connecting wires. 


Tbeory. Referring to fig, 26*43, let 

maintained between the two 
ends A and B of poten- 4* 
tiometer wire, the potential ^ \ -f 
of A being than that 

of B. Let the pole of a ' ^ 

cadmium cell D be connected H- 

to the end A and the — pe \ 
through a galvanometer to 
the jockey of the potentio- jXAA^vV 

meter. Then, if is the 
length of the potentiometer I 

wire for no defiection in the ^ I 
galvanometer, we have ® 

E=K/i ■ 


constant P. D. 


A/^/vVVV\VvvvV\^v' 


Fig. 26-44 


where E is the E. M. F. of the cadmium ceil and K is the potential gradient 
of the potentiometer. This gives the value of K. 

Now let the cadmium ce be replaced by all portion AiP of a 
rheostat MN through whole of which a steadj current is maintained, 
the higjder potential point M of the rheostat being connected to 
the end A of the potentiometer. Then, if /s is the length of the 
potentiometer wire at the null point, the P. D. across the portion 
MP of the rheostat is given by 

V=K/2 ^ ... (26-41) 

If the P. D. across the same portion MP of the rheostat as measured 
by a|voitnieter is V', the error in the reading V' of the voltmeter 


mfw ©/ 




rc^rtMcris: O'Z. 

!P4 * 0^3""” 


Now if the 
P. D. between the 
points M and P 
of the rheostat is 
made variahh by 
making one of 
the points, say 
P variable, and 
the errors corres- 
ponding to the 
various readings 
of the voltmeter 
thus obtained be 
determined by the , 
potentiometer,, ■ .a,; 
calibration curve of 
the voltmeter may 
be plotted by tak- 
ing ¥' as abscissae 
■and (V'— V) as 
ordinates. 
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Method. Referring to fig. 26*46, connect the two ends A and B 
of the potentiometer to a storage battery in series with a rheostat 
including a plug key Ki in the circuit. Connect th.Q two fixed 

terminals M and N of a rheostat 
Rg to a battery Sg, including 
a plug key Kg in the circuit. 
Connect one terminal of the volt- 
meter V to be calibrated through 
a key Kg to the higher potential 
fixed terminal M of the rheostat 
Rg and the second terminal of 
the voltmeter to the sliding 
terminal P of the rheostat. 

Then connect the -f pole 
of a cadmium cell and the 
higher potential fixed terminal 
M of the rheostat Rg to 
the sliding contact maker 
X of the potentiometer which 
Fig. 26*46 is nearer to the higher 

potential end A of the potentiometer. Finally connect the —ve 
pole of the cadmium cell and the sliding terminal P of the rheostat 
Rg through a tw^o-way key and a galvanometer to the jockey Y which 
slides over the potentiometer wire. 

Close the key K^ and connect the — ve pole of the cadmium 
cell by means of the two-way key to the galvanometer. Place the 
slider X at the end of the loth coil and the jockey at 18*5 
div. on the slide wire. Adjust the rheostat R^ in the main circuit till 
there is no deflection in the galvanometer. This gives a potential gradkfit 
of I millivolt I div. along the potentiometer slide wire. 

Next connect the sliding terminal P of the rheostat Rg by 
means of the two-way key to the galvanometer and determine the 
equivalent length /g of the potentiometer wire corresponding to the 
P. D, across the portion M. P. of the rheostat Rg. 

Note down the reading V' of the voltmeter, open the keys 
Ki and Kg and calculate the value V of P. D. corresponding 
to the reading V' of the voltmeter and then the error (V— V) in 
the voltmeter reading. 

Next alter the P. D. between M and P by moving the 
terminal P of the rheostat Rg and determine as before, the errors 
(V' — V) corresponding to the various readings V' of the voltmeiei 
thus obtained covering the entire range of the instrument. Finally, 
taking voltmeter readings as abscissae and corresponding errors as 
ordinates, plot the calibration curve of the voltmeter as depicted in 
^;fig;,:26*4'5'. ■ ■ 

Sources of error and precautions, (i) The main circuit battery 
Sj must be of practically constant E. M. F. and preferably of large 
capacity so that the current through the potentiometer coih and wire may 
remain constant throughout the expt. . 
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(2) The magnitude of the P. D. between A and B must be greater 
than the maximum P. D. to be measured by means of the potentiometer. 

(3) The E. M, F. of the battery S 5. in the auxiliary circuit should 
be greater than the range of the voltmeter to be calibrated. 

(4) A plug key should be included in both the main aud 
auxiliary circuits and shouid be closed only when observations are to 
be made. 

^5) The resistance included in the main circuit should be 
chosen carefully. 

(6) The galvanometer should be shunted during the initial 
4 stages of determination of null point, the exact null point being 

determined with full galvanometer sensitivity by removing the shunt. 

(7) Change-over from cadmium cell to the portion MP of 
the rheostat R2 should be effected by the use of a two-way key. 

(8) The contact between the jockey and the potentiometer 
wire shouid be momentary and shouid not be made while the 
jockey is being moved along. 

(9) A key should be connected in series with the voltmeter and 
should be kept open when P. D. across the portion MP of the rheostat 
is measured by the potentiometer. In such a case no current will be 
drawn by the voltmeter and the potentiometer -will measure accurately 
the P, D. across MP. 

(10) The voltmeter shouid be calibrated over hs entire id.ngt. 

I Observations, [yl] Standardisation of potentiometer wire. 

I E. M. F. of standard cadmium ceil=i*oi83 volts. 


Length of potentiometer wire corresponding to 
E . M . F . o f cadmium ceil 



No. of coils 

Length of slide 
wire 

Eqmeaknt length 

h 



div. 

div. 

At start 
of expt. 

10 

18*3* 

ioi8*3*j- 

At end 
/ofexDt. 

10 

i8-3 

ioi8*3+ 
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[B] Calibration of voltmeter. 

Least count of voltmeter == volts. 


C 

\ Length of potentiometer wire 
j corresponding to P. D. across the 

1 portion M P of the rheostat K. 2 

Accurate 
value of 
P.D. 

V 

volts 

Reading 

of 

Error in the 
reading of 
voltmeter 
(V'~V) 
volts 

a. aNO. 

1 No. of 
! coils 

; 

i 

length of i Equivalent 
slide wire ! length 4 
div. ! div. 

voltmeter 

V' 

volts 

1. 

2. 

3 * 

4. 

5 « 

6. 

7. 

8. 

9. 

i ■ 

j 

1 

S ■ i 

i 

I 


1 


10. 

1 1 

■ , j 





Calculations. K= — = volts per div. 

1018.3 ^ 

Reading No. i ' V=K/2 = volts 

(N. B, Make similar calculations for other readings). 

Result, ll.e graph so obtained by plotting the errors against 
the voltmeter readings is the calibration curve of the given voltmeter. 

Criticism of the method. The method gives fairly accurate 
results. The accuracy in the calibration of voltmeter depends 
upon the constancy of potential gradient of the potentiometer, 
accurate knowledge of E. M. F. of the cadmium cell and 
uniformity of the slide wire. With the use of a rheostat R2 
as described above, the current in the auxiliary circuit can be kept 
very^ low and still the entire range of the voltmeter can be calibrated. 
This avoids unnecessary heating of conductors in the auxiliary 
circuit as well as prevents waste of energy of the battery. By 
standardising the potentiometer to give a potential gradient of i 
miili -It/di V., the calculations are very much simplified. 

26*28. Measurement of current by means of a 
potentiometer. The potentiometer can be used to measure 
currents. In fact ammeters are accurately calibrated by means of a 
potentiometer. The current I to be measured passes through a 
standard resistance R usually of one ohm already included in the 
circuit in which the current I flows and the potential difference V 
across it is determined by means of a potentiometer accurately 
standardised in terms of the.E. M. F. of a standard cell. Then the current 
through the standard resistance is given by I=V/R. 
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Experiment 26.8 

Object. To calibrate a given ammeter of i ampere range 
by means of a potentiometer. 

Apparatus. A potentiometer, two storage batteries, two 
rheostats, a standard cadmium ceil, a weston gaivanometer, standard 
one-ohm resistance, ammeter which is to be caliber ated, a two-way key, 
two single-way keys, shunt wire and connecting wires. 

Theory. Let a steady P. D, be maintained between the 
two ends A and B of a potentiometer wire, the potential of A 
being hi^er than that of B. Let d-ve pole of cadmium cell be 
connected to the end A and the — ve through a galvanometer to 
the jockey of the potentiometer. Then, if be the length of the 
potentiometer wire for no deflection in the galvanometer, we have 

E=K/i 

where E is the E. M. F. of cadmium cell supposed to be known 
and K is the potential gradient of the potentiometer wire. Thus the 
value of K is known. 

Now let the cadmium cell be replaced by a one-ohm standard 
resistance through which a steady current I is flowing, its higher 
potential terminal being connected to the end A of the potentio- 
meter wire, and let the current I also flow through the ammeter to 
be calibrated connected in series with the standard resistance. Then, 
if 4 be the length of the potentiometer wire for no deflection in the 
galvanometer, the P. D. between the terminals of the standard one-ohm 
resistance is given by 

. , V=K 4 _ 

and the current through it by 

I=:V/R=K/2 ... (26-42) 

Let the reading of the ammeter be I'. Then the error in it is 
(F — I). If now the current through the standard resistance ht varied 
and the values of (I'—I) corresponding to different readings T of 
the ammeter be determined, calibration curve of the ammeter may 
be darwn. 



Fig. 2t>*47 


, 36 ' 
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: Method. Referring to fig. 2^6*49, connect the two ends A and B 

of the potentiometer to one of the storage batteries in series with 
: a rheostat Rj, including a plug key Kj in the circuit. Connect 

the standard one-ohm resistance R to the other storage battery S|^ 
in series with a rheostat Rg and the ammeter which is to be 
calibrated, including a plug key K2 in the circuit. Finaliy connect 
the 4- ve pole of the cadmium cell and the higher potential terminal 
P of the standard one-ohm resistance together to tht sliding 
contact maker X of the potentiometer which is nearer to the 
higher end A of the potentiometer and, the— ve pole of 

cadmium ceil and the lower potential terminal Q of the standard 
one-ohm through a two-way key K to one terminal of the galvanometer 
the second terminal of which is connected to the jockey Y which 
slides over the potentiometer wire. 

First standardise the potentiometer wire with the cadmium 
ceil. For this connect — ve pole of cadmium cell by means of 
the two-way key K to the galvanometer, put the slider X at the 
and Of the loth coil and the jockey at i8’3 div. on the slide wire 
J and adjust the rheostat Rj^ in th.Q main circuit till there is no 

I deflection in the galvanometer. Now th^ potential gradient 'K of 

I the poten iometer equals 10-® volts/div. 

I Next lose also. Connect the lower potential terrrinal Q 

' of the standard one-ohm resistance by means of the two-way key 

K to the galvanometer and determine the equivalent length /g 
of the potentiometer wire corresponding to the potential difference 
j V between the terminals of the standard resistance. Note down 

i the reading of the ammeter. Open Kg and K^, and calculate the 

true value of current corresponding to reading F of ammeter from 
*: equation (26‘42). Then calculate the error (!'— I) In the ammeter 

I reading. 

I Next alter the current through the standard resistance by means 

j of the rheostat Rg and take several sets of observations for different 

I values of P. D. across the standard resistance at the same time noting 

1 the readings of the ammeter and thus determine the error (I '--I) cor- 

responding to various readings of the ammeter coveririg its entire range, 

; Finaliy plot calibration cuhe 6 ^ amtneter taking the readings 

I of the instrument as abscissae and the corresponding errors (I'— I) 

^ as ordinates. 

? Sources of error and precautions, (i) The main circuit 

I battery must be of constant E. M. F. and preferably of 

large capacity so th^t the current in the potentiometer coils and wire 
may remain constant throughout the test, 

(2) The magnitude of the P. D. between A and B must be 

than the maximum P. D. to be measured by means of the potentiometer, 

(3) The battery $2 in the auxiliary circuit should be of constant 
E. M. F. and ample capacity. Its E. M. F. should be slightly higher 
than that necessary to pto^MCc full-scale deflection in the ammetk. 

(4) The rheostat Rj included in the main circuit should be 

' carefully chosen. 
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(5) A key should be included in both the main and the 
auxiliary circuits and should be closed only when observations arc 
to be made. 

(6) The galvanometer should be shunted. The shunt should 
be removed when the exact position of the null point Is to be 
determined in order to increase the sensitiveness of the test of null 
point by increasing the current in the galvanometer, 

(7) The calibration of the potentiometer wire with the 
cadmium cell and determination of different values of P. D. across 
the standard one-ohm resistance corresponding to various readings 
of the voltmeter should be made in as short a time as possible in 
order to minimise the chance of error due to variation of steady 
current in the potentiornetef: wire. Accordingly it is convenient 
to use a two-way key so that the change from the cadmium cell to 
the standard resistance or vice versa may be affected quickly. 

(8) The contact between the jockey Y and the potentiometer 
wire should be momentary and should not be made while the jockey 
is being moved along. 

(9) The ammeter should be calibrated over its entire range. 

Observations. [A\ Standardisation of potentiometer wire, 

E. M. F. of standard cadmium cell= 1*0183 volts 


Length of potentiometer wire corresponding to 
E. M. F. of the cadmium cell 



No. of coils 

Length of 
slide wire 
div. 

Bquhaknt 
length h 
div. 

At start 




of expt. 

10 

l8'}* 

ioi8*3’i* 

At end of 




exot. 

10 

i8-? 



[B] Calibration of ammeter 

Least count of ammeter = amp. 


' , , ' ' 1 

s. No. 

Length of Potentiometer 
wire corresponding to 

P. D, (V) across the standard 
one^ohm resistance 

Accurate 
value of 

Reading of 
ammeter 

Err#r withe 
[ reading of ; 
ammeter 

No, of 

Length of 

Bquwalent 

1 P. D. 

Current 

V 



coils 

slide wire 

length I 2 









V 

I 





div. . 

div. 

volt 

amp. 

amp. 

amp. 

I 

■ rZ / 

3 

4 

9 

10 

■ ■ .. 

i ; ■■■ ' , 

■ ■ ■■ '■ 



1 





Length of slide wife®* 100 divisions* 
These must be equal. 
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Galcuiatiotis. i 5-i-i. 

ioi8*3 

Reading No. 1 . V=K 4 == 

^ and'. ^ ' ■ I==V ' 

(N. B. Make similar calculations for other readings.) 

Result. ' The graph so obtained by plotting the error s ^ in 
the readings of ammeter the corresponding ammeter readings 

is the calibration curve of the given ammeter. 

Criticism of the method. The accuracy in the calibration 
of ammeter depends upon the constancy of the current through 
the standard one-ohm resistance during the measurements, the 
constancy of the potential gradient of the potentiometer, the 
uniformity of the slide wire and the accurate knowledge of the 
value of standard resistance and the E. M. F. of the cadmium ceil. 
The method yields sufficiently accurate results. For greater accuracy, 
a more sensitive potentiometer, e.g.^ Crompton potentiometer should 
be used and the ordinary one-ohm resistance should be replaced 
by a standard resistance provided with separate current and potential 
terminals. 

The method can also be used to calibrate a voltmeter, if the 
P. D. across the one-ohm standard resistance is measured by both 
the voltmeter and the potentiometer. 

26.29. Measurement of resistance by a potentiometer. 
The potentiometer is also used to determine the value of 
an unknown resistance. A steady current of known strength 
I is allowed to pass through the resistance R to be measured and 
the potential difference V across it is determined by means of an 
accurately calibrated potentiometer. Then obviously R—V/I. 

Experiment 26*9 

Object. To compare two resistances by means of a 
-potentiometer. 

Apparatus. A potentiometer, two resistances to be compared, 
a special key K as shown in fig. 26*48, a weston galvanometer, 
a shunt wire, two storage batteries, two rheostats, two single-way plug 
keys and connecting wires. 

Theory. . . Let a steady potential difference be maintained 
between the two ends A and B of a potentiometer wire, the potential 
of A being higher than that of B. Let a steady current of strength 
I be allowed to pass through the two resistances Rj and 
R2 to be compared connected in series. Further, let the higher 
potential terminal of one of the resistances, say be connected to 
the end A of the potentiometer wire and the lower potential terminal 
through a galvanometer to the jockey of the potentiometer. . Then, 
if 4 be the length of the potentiometer wire for no deflection in 


= ■ lo-s volts' per div. 

. = . volts 

== amp. 
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the galvanometer, the potehtiai difference between ■ the terminals 
of Rj is given .'by , ^ ' 

■ ■ , ... \ , .,(2<5‘43) 

where K is the potential gradient of the potentiometer. 

Now let the experiment be repeated with the other resistance Rg, 
and if 4 be the length of the potentiometer wire corresponding to 
the P. D. Vg across its . terminals when there is no defection in the 
galvanometer.. Then ' ' ' 

Vg==IR2==K4 ... (a6*44) 


r^ividing equ. (26*43) by equ. (26*44), we get 

li=A; 

Rg 4 


(26^45) 


from which the ratio of two resistances may be calculated. If a graph 
is plotted between 4 4^ slope oi the straight line thus obtained 

will also give the ratio of the two resistances. 

Method. Referring to fig., 26*48, connect the two ends A and 
B of the potentiometer to the storage battery in series with a rheostat 
R, including a key in the circuit. Then connect the two resistances 
Rj and Rg to be compared in series and send through them 
a steady current from the storage battery Bg including a rheostat 
R' and a key Kg in the circuit. Next connect the ' ’terminal e 
of the key K to sliding contact maker X which is nearer to the 



Fig. 26*4 8- : 

higher potential end A of the potentiometer' and the terminal / 
through the galvanometer to the jockey Y of the potentiometer. 
Finally connect the higher terminals p -and > of the two resistances 
Rj and Rg to the terminals a and e of the: key K respectively and 
the low'er potential terminals q and to the terminals h and 
respectively.''':' A' h/A. ■ ■ 
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Next dose Kg and adjust the rheostat R' to produce small 
potential differences across the resistances Rj and Rg. Now shunt 
the galvanometer j close Kj and connect if to ^ and / to b, Determind 
the approximate equivalent length of the potentiometer wire 
corresponding to the P. D. across R^. Then connect if to c and /to i 
and determine the approximate equivalent length of the potentiometer 
wire corresponding to the P. D. across Rg and thus dcterming 
which of the resistances R^ and Rg has the greater value. 

Next connect the terminals if and / to the larger resistance and adjust 
the rheostat R in the main circuit so that when the contact maker 
X lies near the end A of the last coil of the potentiometer, 
an approximate balance point is obtained on the slide wire. T&V 
adjusts the P. P. betmen A and B to be greater than the potential 
differences and across the resistances R^ and at the 
same time making the potentiometer to have maximum sensitiveness for 
the given value of and Kg. 

Now remove the shunt from the galvanometer and determine 
by connecting R^ and Rg in turn to e and /, the positions of 
the null point corresponding to the potential differences and 
Vg and after noting down the number of coils and the length of 
the slide wire betw’een X and Y, calculate the equivalent lengths 
and /g of the potentiometer wire corresponding to the potential 
differences and Vg across the resistances R^ and Rg respectively. 
Next increase R'oj decrease B and take at least six more sets of 
observations for 4 and /g. Then calculate 
the ratio of the resistances R^ and Rg 
from equation (26*45) 3 >nd &nd the mean 
value of Ri/Rg. 

Finally plot a graph between the diffe« 
rent values of /j and the values of /g 
corresponding to the same set. This will 
come out to be a straight line as shown 
■fi in fig, 26*49. Find the of this line 
which will also give the ratio of the 

Fig. 26*49 two resistances. 

Sources of error and precautions, (i) The supply 
batteries and Bg should be of practically E, M. Fs. and 

ample capacities. 

(2) The steady P. D. benveen the ends A and B of the 

peteniometcr must always be than the potential differences Vj 

and Vg across the resistances Rj and Rg. 

(3) A suituld rheostat R should be included in the main 
circuit and should be adjusted to have the potentiometer maximum 
sensitiveness for given values of Vj and Vg ensuring at the same 
time that the P, D. between A and B h greater than V3: and Vg. 

(.^) A key should be dc. included in each of the main and 
auxiliary circuit and should babe closed only when observations are to 
be made. 
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^ ^ compared should not 

^ be handled or disturbed during the experiment, and while determining ! 

the potential difFerences and across them, change over 
from one resistance to the other should be effected in a verj 
short time with the help of a special key as described above, in 
order to diminish the effects of heating and any variations in the 
' ''■'/'batteries. '/ 

V (6) The higher potential terminals p and r of the resistances 

R| and R2 should be connected to the terminals t:z and ^ respectively 
of the key K which are coUinear \7h\1 the terminal e connected to 
I the sliding Contact maker X near to the higher potential end A 

the potentiometer ; and the lower potential terminals q and r of Rj 
and R2 should be connected to the terminals b and d respectively 
which are coUinear with the terminal / which has been connected 
to the galvanometer. 

(7) The galvanometer should be shunted with a low resistance 
wire. The exact position of the null point should be determined 
with the full galvanometer sensitivity without any shunt across it. 

(8) While determining the values of and 4 for a particular 
set of observations, both R and R' should be kept constant. 

(9) The contact between the jockey Y and the slide wire 
should be momentary and should not be made while the jockey is 
being moved along. 

(10) The graph between li and 4 will come out to be a straight 
line and should be smoothly drawn. 

Observations. 

I Length of potentiometer wire corresponding to the P, D. 
f across the resistance 


Ri R 


C 1 






|J» 

No. of 
coils 

Length of 
slide wure 

div. 

Equivalent 
length 4 

div. 

No. of 
coils 

Length of 
slide wire 

div. 

Equivalent 
length 4 

div. 

h 

4 

I 

z 

^ 5 

8 




1 
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Ro' 




■4 


Calculations. I set 

(N. B. Make similar calculations for other sets). 
K. 

M 0 an value of ^ = 

Kg 

From the graph (26*49) 


PR= 


R. 




QR= 

__QR_ 

Rg PR 

Result. The ratio of the values of the given resistances R| 
and Rg as obtained by calculations— 
and as obtained from graph ~ 

Criticism of the method. This method of comparing 
resistances gives a very accurate result. The slight inaccuracy in 
the result may be due to the inconsistency of the E. M. Fs. of the 
batteries, the non-uniformity of the slide wire and the heating of the 
resistances. The method is especially suited to the comparison ol 
two low resistances for which the Wheatstone bridge method as 
ordinarily employed is not suitable. But the two low resistances to 
be compared should be of the same order of magnitude. To compare 
two resistances of different orders, say one of the order of i/ioo 
ohm and the other of the order of i ohm, the method has to be 
slightly modified as described below. For very accurate results, the 
comparison should be made by means of Crompton* s potentiometer^ 

Exercise. To determine a low resistance hj means of a potentiometer. 

Connect the two ends A and B of the potentiometer to a 

storage battery 
Sj in series with 
a rheostat Rj^, 
including a key 
Ki in the circuit. 
Next connect the 
low resistance 
r to be measured 
in series with a 
known resistance 
R of about 1 
to 5 ohms, and 
then insert the 
combination 
series with a 
circuit containing 
a battery Sg, 
Fig. 26*50 rheostat Rg and a 

key Kg. Connect the higher potential terminal M of the resistance R to 
the higher potential end A of the potentiometer. Finally connect the 
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lower potential terminals P and N of the resistances R and r res- 
pectively through a two-way key and a galvanometer, to the jockey of 
the potentiometer, as shown im %. 26*50. 

Next connect a to b and determine the length li of the 
potentiometer wire at the null point corresponding to the P. D., Vj 
across the resistance R. Then connecting c to b, determine the 
length 4 of the potentiometer wire corresponding to the P. D., 
across the sems combination of the two resistances R and r. If I is 
the steady current flowing through the resistances R and r, we have 

Vx _ I R 4 

V 2 4 

whence ~ - j^R 

from which r may be calculated. 


Repeat the experiment with : 
at least three sets of observations 
with each value of R by varying 
the P. D. across the resistances 
with the help of the rheostat R^. 
The mean value of r thus obtained 
will give the low resistance. 

Alternatively. A graph may 
be plotted between 4/4 
This will come out to be a straight 
line and its negative intercept on the 
X-axis will give r/r. This is illus- 
trated in fig. 26*51, 


least three values of R taking 



2630. Leeds and Northrup student’s potentiometer. 
This is a compact potentiometer of high precision and sensitivity 
and works on the same principle as that of a Crompton potentiometer. 
As illustrated in fig. 26*523 the potentiometer consists of 
15 manganin coils C, each of 10 ohms resistance, connected in 
series with a manganin slide wire W of 10 ohms resistance. The 
positive pole of the main-circuit battery is connected directly to 
the terminal marked +B and its negative pole to the decade 
resistance box R. The other terminal of the resistance box R is 
joined to the double-pole double-throw switch K. The positive 
pole of the standard cell and that of the source of unknown 
P. D. are connected through a sensitive galvanometer to the -pE 
marked terminal of the instrument which is joined to the slide 
wire W. The — E marked terminal of the instrument which is 
joined to the coils C is connected to the switch K, The D. P. D. T. 
switch K, when in one position as shown, connects the resistance 
box R to the terminal marked. S and. the negative pole of the 
Standard cell to the terminal marked — E of the instrument. When 
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in the other position^ the switch K connects the resistance box R 
to the terminal marked o. t oto, i and the negative pole of the source 
of unknown P. D. to the terminal marked— E of the inst^^^^ 

The dial C is graduated in steps of o.i volt upto 1.5 volts : and the 



Fig. 26.52 

dial W of the slide wire has a continuous scale, the maximum reading 
being o. I volt. The instrument, when standardised, reads P. D. directlj 
in volts. 

For standardisation of the instrument, the electric connections 
are made as shown in fig. 26.52. The range switch IC is 
adjusted to point towards the terminal marked c.' and the D. P. 

D. T. switch K is thrown to the standard cell side as shown. The 
dials C and W of the coils and the slide wire are adjusted to read the 

E. M. F. of the standard cell. For instance, if there are 100 divisions on 
the slide wire scale, then for a standard Cadmium cell of E. M. F. 
1.0185 volts, the dial C is set to include 10 coils and the dial W to 18.3 
div. Next the decade resistance box R is adjusted such that there is 
no deflection in the galvanometer. This standardises the potentiometer 
giving a P. D. of o.i volt across each coil or the slide wire. Since the 
resistance of each coil or the slide wire is 10 ohms, it is evident that 
after standardisation the current passing through the coils and the wire 
is lo milliamp. 

Having standardised the potentiometer, if the range switch K’ 
is adjusted to point towards the terminal marked o»o i, the potential 
gradient of the potentiometer is reduced to i/io of its previous 
value, it now gives a voltage of o‘of volt across each coil or 
the slide wire so that the maximum reading of the instrument is 
0*16 volts or i6d millivolts. When the switch K’ points towards 
the terminal marked o*r, the series combination of the resistances 
P and Q is in parallel with the series combination of the coils and 
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the slide, wire When the switch K’ is adjusted to point towards 
the terminal marked o^oi, the resistance P becomes in series wdth 
the coils and the slide wire and the resistance Q shunts the series 
combination of the resistance P, the coil and the slide wire. This 
shifting of the resistance results in a reduction of the current 
through the potentiometer coils and the slide wire to i/io of its 
previous value, to the value i milliamp. and hence the potential 
gradient to i / 1 o of its former value. A little calculation will 
show that the resistance P== 1 440 ohms and the resistance Q= ? 60 
ohms. 

After standardisation, the student’s potentiometer can be used for 
the following purposes. 

( 1 ) Measuremetit of E. M. F. of a cell. The cell under test is 
connected between the terminals XX’ meant for source of unknown 
P. D. and the D. P, D. T. switch K is thrown on the unknown P. D. 
side. Next the dials C and W of the coils and the slide wire arc 
adjusted so that there is no deflection in the galvanometer. The sum 
of the readings on the two dials C and W gives the E. M. F. of the 
cell under test. In case the unknown E. M. F. is less than 160 milih 
volts, the range switch IC should be adj usted to point towards the 
terminal marked o*oi. 


(ii) Calibration of ammeter and voltmeter. An auxiliary circuit 
(Fig. 26.53) consisting of a storage battery B, a rheostat R, the 
given ammeter A and a standard one* ohm resistance r, ^// m 
series is made, including a plug key K in the circuit. The given 
voltmeter P is placed in parallel with o/je-ojm 
the one-ohm resistance. Next the termi- I — 

nals of the one-ohm resistance are con- I r I IC 


nccted to the potentiometer terminals 
XX’ m. ant for source of unknown P. D, 
and the P. D. across the one-ohm resist- 



ance is measured by the potentiometer 
in the usual way. The difference between 
the reading V’ of the voltmeter and 
P. D. (V) across the one-ohm resistance Fig. 26.5 ; 

as measured by the potentiometer gives the error in the voltmeter 
reading V’. Since the resistance of the standard resistance r is 
one ohm, the current through it equals the P. D. across it. Hence 
(P — V) gives the error in the reading T of the ammeter. Next 
the current in the auxiliary circuit (Fig. 3»6.5 3) is altered by means 
the rheostat R and the errors corresponding to the various readings of 
the ammeter and the voltmeter covering the entire range are determi- 
ned as above by means of the potentiometer. A calihraiion curve oi the 
voltmeter is plotted taking the readings of the voltmeter as abscissae 
and the corresponding as ordinates. Similarly a calibration 

curve of the ammeter is drawn. 



(iii) Measurement of P.D. higher than the range of the poten- 
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tioitieter. This ciiu be done with 



Fig. 26*54 


the help of a voli-box. The fig. 26' 5 4 
illustrates the principle of a volt-box 
which consists of a high resistance 
MN which can: 'be ' tapped ^ w 
desired steps at a number of points. 
As an illustration, let the resistance 
between the terminals PP^ of the 
volt-box be i/io of the resistance 
between the terminal MA, 1/ 100 of 
the resistance between the terminals 
MB, 1/200 of the resistance between 
the terminals MN. Then to such a 


voit-bcjx if we apply a voltage less than 16 volts between the 
terminals hi A, the P. D. across the volt-box terminals PP' will 
be less than i'6 volts, which being within the range of the instrument 
can be measured by the student’s potentiometer. Similarly, if a high 
voltage is applied between the terminals MB, the P. D. available 
between the terminals PP' wdil be i/ioo of this high voltage. 


To determine a high voltage, the terminal PP' of the volt-bos 
are connected to the terminals XX' of the potentiometer meant 
for source of unknown P. D. The high voltage to be measured 
is applied between the terminals MA of the volt-box if it is less 
than 16 volts,, or between the terminals MB if it lies between 16 
volts and 160 volts, or between the terminals MN if it is greater 
than 160 volts but less than 320 volts. The potentiometer is 
standardised as usual and the D. P. D. T. switch K is throtvn on 
the unknown P. D. side. The dials C and W of the coils and the 
slide wire are adjusted to give no deflection in the galvanometer. 
Then the sum of the readings of the two dials G and W will give 
the P, D. betw’een the terminals PP' of the volt-box. To get the 
value of the unknowm high voltage, this P. D. between the volt-box 
terminals PP' has to be multiplied by 10, igo or 200 according 
as the high voltage was applied between the terminals MA, MB or MN. 


Oral questions 


RESISTANCE 


How does resistance vary with {a) length, {h) the cross-section, (ff) the mate 
rial and {d) temperature of the conductor ? Do you know any case in which resis- 
tance decreases with temperature ? What are the laws of resistances in series and 
in parallel ? How 5 s the resistance in the box made up ? Why is the w'ire first dou- 
bled and then wound ? What is the material of which the resistance coils are usually 
made ? What is the composition of manganin and constantan ? Why do you select 
this particular material for the coil ? Of what material are the coils of galvanometer 
made ? WTy do you not use manganin or constantan there ? What is meant by 
S. W. G ? Of what materials are the plugs of the box made ? Why are the studs 
put in ebonite board ? Why are the plugs made tapering ? What is the length of 
thy wire connecting the blocks where infinity is written ? What are the uses of slide 
wire rheostat ? On a rheostat the following specifications ate given 1*4 amps. 2*5 
ohms I accuracy i in 100 at i6^C : how do you interpret this ? What type of resis- 
tance is ceiling fan regulator ? How many methods of measuring resistance do you 
know ? Define specific resistance and state its units ? What precaution is to be taken 
in the measurement of length of a wire given for finding out its specific resistance ? 
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METRE BRIDGE' 

What is a Wheatstone’s bridge ? What is a metre bridge and why is it so called ? 
Show the four arms in your apparatus. Point out the two points which are of the 
same potential. ^ What do you understand by conjugate conductors ? What is the 
advantage in taking observation by interchanging the positions of the unknown resis- 
tance and the resistance box ? What advantage will you get by increasing the length 
of the wire ? What is the material of the bridge wire ? Why is it made of this par- 
ticular substance ? Is it essential that the wire should be of uniform cross-section ? 
If it is not, how will you modify your formula to get correct result ? What condition 
should be satisfied to get a null point ? Why does the deflection change direction 
in the galvanometer when the jockey passes over the null point ? Why is it desirable 
to get the null point as near the centre as possible ? What do you understand by end- 
corrections of a metre bridge ? What are they due to ? Is the value of end-correc- 
tion always positove ? If not in what case can it be negative ? Can it be ever zero ? 
If so, when ? Hw can you determine the end corrections of a metre bridge ? 
Why should theresistance boxes be preferably of the dial pattern ? What is the ad- 
vantage of using the interchanging commutator ? Explain its working. Why 
is it connected by thick wires to the metre-bridge ? What should be the ratio 
of P and Q while determining the end-corrections and why ? Sometimes there is 
no null point obtained on the whole of the wire; what are the reasons ? How will 
you readjust your apparatus to get it ? Trace the direction of current (i) at the null 
point (ii) when the deflection in the galvanometer is to the right and (/V/) when it 
is to the left. Which key do you press first and why ? How is null point affected 
by introducing a resistance K at null point in the cell circuit or in the galvanometer 
circuit ? What is the use of the battery key ? How can thermo-electric effects be 
got rid of in the metre bridge ? Why do you shunt the galvanometer in the beginning 
and then cut it off when the approximate null point is obtained ? Define sensitivity 
of a galvanometer ? What kind of galvanometer do you use ? Explain its working. 
How is it that the needle of a galvanometer comes to a dead stop immediately and 
does not oscillate ? If your galvanometer is not dead beat how- can you make it so ? 
Can you use a tangent galvanometer here ? Can you replace four galvanometer by 
a telephone ? If so, is there any advantage in doing so ? Why do you use Leclanche 
cell here ? What maximum resistance can you measure with a metre-bridge? 
Can you find the resistance of a galvanometer or a cell with metre-bridge by using no 
extra galvanometer or a cell ? If another galvanometer were used what care will you 
take to avoid damage to the galvanometer ? What do you understand by the sens! 
tiveness of a Wheatstone’s bridge ? On what factors does it depend ? When is it 
most sensitive? Are the positions of the battery and the galvanometer interchange- 
able ? When the positions of the battery and the galvanometer are interchanged 
does the arrangement remain equally sensitive ? If not, which of the two arrangements 
is more sensitive and why? 

POST OFFICE BOX 

Why is the instrument called P. O. box ? Where are the four arms of the 
bridge? How are the resistances in P. O. box arranged ? How^ can you find an 
unknown resistance with a P. O. box ? What is the minimum and maximum resi- 
stance that can be measured with your P. O. box ? Flow can you measure the resi- 
stance of a galvanometer with a P. O. box by Kelvins’ method ? Can you get a true 
null point in this case ? 'When is the bridge said to be balanced ? Why is there no 
change of deflection in the galvanometer at the balance point when the key short- 
circuiting the usual galvanometer arm is pressed ? Why should the galvanometer 
be properly levelled ? Why docs the spot of light shift on changing the resistance in 
the rheostat arm of the bridge ? Why should a thick copper wire be used to short- 
circuit the usual galvanometer arm ? Which of the two keys should be pressed first 
and why ? If w^e take the ratio lo ; lo in one case and loo : loo in the other, will it 
make any difference ? If at any stage the arrangement becomes insensitive, how can 
you make it more sensitive ? If the bridge is not exactly balanced in the ratio 
10 s 1000, how will you compute the resistance of the galvanometer ? Why are there 
only three resistances in each of the ratio arms of a P. O. box ? How can 
the resistance of the galvanometer be best determined ? Why is the former method 
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called Kelvin’s method ? Describe Kelvin’s galvanometer. What part does the 
control magnet play in the determination of resistance of such a galvanometer by 
Kelvin’s method ? Does the control magnet affect the deflection for given want of 
balance in the bridge ? 

How can you determine the internal resistance of a cell with a F. O. box by 
Mancc’s method ? What is the underlying principle of the method ? When is bridge 
said to be balanced in this case ? On pressing the key short-circuiting the usual battery 
arm, why does the deflection in the galvanometer not change when the bridge is ba- 
lanced ? What is the principal diflerence underlying Mance’s and Kelvin’s methods ? 
Why is a thick copper wire used to short circuit the usual battery arm ? What is the 
advantage of using a plug key in series with the cell ? Can you get a true null point 
in this case? How will you get exact value of resistance even if ;^ou do not get balance 
point with the ratio loo/iooo ? What is the range between which resistances of pri- 
mary cells lie ? What is the relation between internal resistance and efficiency ? 
Which galvanometer will serve better in Mance’s method : a moving coil or Kelvin’s 
galvanometer ? What part does the control magnet play in Mance’s method when 
a Kelvin’s galvanometer is used? How does it differ from that in Kelvin’s method ? 
What is Lodge’s modification of Mancc’s method ? Explain the action of the 
condenser here . What is the capacitance of the condenser used ? 

What type of mirror is attached to the galvanometer coil ? Which arrangement 
Is better : a lens and plane mirror or a concave mirror alone ? If you arc using a con- 
cave mirror, how can you roughly estimate its radius of curvature ? How is the image 
of the filament of the lamp formed on the scale ? What type of image does a plane 
mirror form ? How is it then that you get a real image on the scale with the help of 
the plane mirror ? 

CAREY FOSTER’S BRIDGE 

On what factors do the sensitiveness and accuracy of a metre bridge depend ? 
How can these be increased ? What is Carey Foster’s bridge ? In what respects 
Is it an improvement over a metre bridge ? How can you determine an unknown 
resistance with a Carey Foster’s bridge ? How will you determine a, the 
resistance per unit length of the bridge wire ? How does the accuracy in the 
determination of o depend upon the difference between the known resistances in the 
outer gaps ? What can be the maximum value of this difference which you can take ? 
If the wire be not uniform, will this value of a give the correct result ? If not, 
how will you modify your method of determining or ? Should the resistances in the 
inner gaps be fixed and known ? Should these two resistances be exactly equal ? 
If they are unequal, what is the harm when their difference is {a) very small (^) very 
large ? ^ In the latter case where may the balance points lie ? What is the advantage 
in making the resistances in the inner gaps equal ? Can you not use a rheostat for 
this purpose ? If so, what advantage does it possess over fixed known resistances 
in the inner gaps ? What should be the order of the resistances in the inner gaps 
of the bridge and why ? When is the bridge said to be most sensitive ? 

What do you understand by calibration of the bridge wire and how is it done ? 
What is the function of the rheostat introduced between the inner gaps of the bridge 
in this experiment ? What should be the order of the resistance of the rheostat ? 
What should be the order of the difference of resistances in outer gaps and why ? 
What is the resistance of the bridge wire between two successive balance points ? 
What is the resistance of the bridge wire ? How will you test the uniformity of the 
bridge wire? How will you draw the calibration curve for the bridge wire ? 
If you also know the values of end corrections, how can you get the value of the total 
correction at any point from the calibration curve? 

PLATINUM RESISTANCE THERMOMETER 

Describe a platinum resistance thermometer. What is the function of the com- 
pensating leads ? Define temperature-coefficient of resistance. Explain how it can 
be determined for platinum by Carey Foster’s bridge ? What are the sources of error 
in your experiment and what precautions do you take to eliminate them ? Why have 
the usual positions of the galvanometer and the battery been interchanged? 
Why should the four arms be non-inductive ? Why should the null point be deter- 
mined by observing the immediate deflection in galvanometer on pressing the j ockey ? 


MEASUREMENT OF RESISTANCE .AND POTENTIAL DIFFERENCE ' 575 

Discuss the accutacy in the result obtainable by this method. How can you deter- 
mine resistance of the platinum resistance thermometer graphically ? 

POTENTIOMETER 

What is a potentiometer ? What is it used for ? What do you understand 
by e. m. f. of a source ? In what units is it measured ? What is the difference bet- 
ween P. D. and e, m.£ ? What is the principle of a potentiometer ? Is it used for 
the comparison of e. m. fs or P. Ds. of two ceils ? What arc the requirements of a 
potentiometer wire ? Why must it be of high specific resistance ? Why should the 
wife be of uniform diameter ? What would the P. D. be equal to if the wire were 
not uniform throughout ? What do you mean by potential gradient of a potentio- 
meter and how will you determine it ? What do you understand by sensitiveness 
of a potentiometer ? How can you increase it ? What do you understand by the 
accuracy of a potentiometer and upon what factors does it depend? Without 
sacrficing ancusracy how can you increase its sensitiveness ? How does the accuracy 
of observaions differ from that of the instrument ? What sort of galvanometer 
ismost suitacle in a potentiometer circuit ? Can you use a tangent galvanometer 
instead ? If it is not very sensitive, how does increasing the sensitiveness of the 
potentiometer affect the determination of the exact null point ? What arc the require- 
ments of the ell used in the main circuit of the potentiometer and why ? Why is it 
that a Lcclanchc cell can be used in Wheatstone bridge experiments and not with a 
potentiometer ? What is the function of the key in the main circuit of a potentio- 
meter ? What is the use of the rheostat in the main circuit ? It is sometimes found 
that the deflection is in the same direction all over the potentiometer wire, what is 
it due to ? In case the p. d. across the potentiometer wire is less than the p. d, to be 
measured, how can you increase the former ? Is it necessary that positive terminals 
of the cells should be connected to one and the same end of the potentio^metcr wire ? 
Can all the negative terminals be connected at one end of the potentiometer wire 
instead of the positive ones ? If so, how’' ? W'hat is the effect on the null point if (a) 
the number of cells in the main circuit is increased, (^) the resistance in the main 
circuit is altered, (c) a resistance is introduced, in series with the galvanometer ? 
Trace the current (a) when the null point has been obtained, (b) when the deflection 
is towards the left, (c) when the deflection is towards the right. What arc the uses 
of a potentiometer ? 

Why is a potentiometer used for comparison of e. m. fs. of two cells ? Whai 
other methods are there for the' comparison of e. m. fs, of cells ? Compare their re- 
lative merits. How can you measure the internal resistance of a cell with a potentio- 
meter ? Why should the cell, whose internal resistance is to be determined, be not 
ditsturbed during the course of the experinnent ? Why should a resistance of about 
a housand ohms be kept connected in series with a galvanometer until the approxi- 
mate position of the null point has been found ? Does this resistance affect the posi- 
tion of the null point ? Do you get a consistent value for the internal resistance of 
a cell by this method ? If not why ? Compare this method of measuring internal 
resistance of a cell with Mance’s method ? Can you measure internal resistance of an 
accumulator by this method ? How can potentiometer be used for the comparison 
of two resistances ? Why should the supply batteries in the main and auxiliary 
circuits be of constant e. m, fs. and ample capacities? Why should the p. d. 
between the ends of the potentiometer wire be always greater than the p. d, across 
each of the two resistances to be compared ? Describe the working of the special 
key used for changing over from one resistance to the other in the auxiliary circuit. 
Compare this method of measuring resistances with Wheatstone’s bridge method. 

How can you use a potentiometer for measurement of current ? What do you 
understand by calibration of an ammeter and that of a voltmeter ? Why is it done at 
ail ? How do you calibrate an ammeter and a voltmeter with a potentiometer ? 
How do you find out the potential gradient of the potentiometer wire ? Why should 
a standard ceil be used for the purpose? Will a Daniell ceil serve the purpose ? 
What is the use of a known standard resistance in the auxiliary circuit ? Why should 
it be preferably of one ohm ? What is the function of the keys in the main and the 
auxiliary circuits ? What is the range of the voltmeter or the ammeter you are cali- 
brating? What shouldbe the p. d. across the ends of the potentiometer wire in 
order to calibrate the entire range of the instrument and why ? How will you ad just 
this to be so ? Discuss the accuracy of the result obtainable by this method. 


Chapter XXVII 


GHEMIGAL EFFECTS OF CURRENTS 

27*1, Faraday’s Laws of Electrolysis. When an electric 
current is allowed to pass through aqueous solutions of inorganic 
acids and their salts or fused salts which contain charged atoms or 
groups of atoms called ions^ the current directs the ions towards 
the plates by which the current enters or leaves the liquid. The 
ions give up their charges to the plates and are liberated there. 
The plates are termed the electrodes^ that by which the current 
enters being called anode and the other by which the current 
leaveSj the cathode. The conducting liquid is called the electrolyte 
and the whole process electrolysis. The — -vely charged ions which 
travel towards the anode and are liberated there are called anions 
while the +vely charged ions which travel towards the cathode 
and are liberated there are c2llQd, cations. The products obtained 
by electrolysis depend upon {a) the nature of the solute, (h) the 
nature of the solvent, {c) the nature of the electrodes and {d) the 
current density. Faraday carried out extensive researches on 
electrolysis and based bn the results of his experiments gave the 
following two lams of electrolysis, 

(1) The mass of an ion liberated at either electrode during electrolysis 
is directly proportioned to the quantity of electricity passing through the solution^ 
i.e,y to the product of the current strength and the time during which 
the current flows. Thus, if m be the mass of an ion liberated by a 
current of strength i flowing for a time / 

mex, it 

or m==Zit ... (27*1) 

where Z is a constant for the ion and is called its electTO-chemkal 
equivalent. The electro-chemical equivalent of an ion is equal to the 
mass liberated by a current of one ampere flowing for one second or by one coulomb 
of electricity. The unit in which the electro-chemical equivalent is 
expressed is gram per coulomb, 

(2) The mass of an ion liberated by a given quantity of electricity 
is directly proportional to the chemical equivalent of the ion ^ i*e.^ when the 
same quantity of electricity is passed through different electrolytes, 
the masses of the ions liberated are directly proportional to their 
respective chemical equivalents. Thus, if m-^ and be the masses 
of two ions (of chemical equivaients Cj and C2 respectively) 
liberated by the same quantity of electricity Q 


(27*2) 
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Now let the electro-chemical equivalent o£ the two ions be 
Respectively equal to and Z2. Then from first law 

;5??i=Zi Q and Q 

Zi-| 

or ■ — = rr 

Comparing equations (27*2) and (27*3), we get 


(27*5) 


(27*4) 


*^2 ^2 

Thus the electro-chemical equivalent of an ion is directly proportional 
to its chemical equivalent and since the chemical equivalent of hydrogen 
is unity it follows from equ. (27*4) that the electro-chemical equivalent 
of an ion is equal to the chemical equivalent of the ion multiplied by the electro- 
chemical equivalent of hydrogen. 

From the second law it is evident that the same quantity of electri- 
city is required to liberate one gram-equivalent of any ion* This quantity 
is termed a faraday and its value is equal to 96,500 coulombs or 26*8 
ampere-hours. 

27*2. International ampere, coulomb and volt. When 
a current of one ampere is passed for one second through a silver nitrate 
solution it follows from equ. (27*1) that the amount of silver deposited 
on the cathode will be numerically equal to its electro-chemical equi- 
valent, /.<?,, 0*001118 gm. This gives us a definition of international 
ampere. Thus the international ampere is that steady current which 
when allowed to pass through an aqueous solution of silver nitrate deposits silver 
on the cathode at the rate 0*001118 gm, per second. The international 
ampere was intended to be an exact practical realisation of the true 
ampere, but it is slightly smaller than the true ampere. 

I international ampere= 0*99997 true ampere 

The quantity of charge conveyed through a circuit by a current 
of one international ampere in one second will be equal to one 
international coulomb. Thus international coulomb is that quan- 
tity of electricity which liberates 0*001118 gms, of silver from an aqueous so- 
lution of silver nitrate. 

We have already defined international ohm in § 26*2 and 
hence having defined the international ampere as above, we can 
now give a definition of international volt from Ohms’ law. The 
international volt is that potential difference which will cause a current of one 
international ampere to flow through a resistance of one international ohm. It 
is just a little bigger than true volt. 

I international volt— 1*00049 true volt 

27.3. Copper Voltameter. It consists of a glass jar containing 
Copper sulphate solution into which is immersed a cathode copper 
37 
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plate C (Fig, 27*1) midway between two parallel 
copper plates A, A which act as anodes. The two 
anode plates are supported by a bridge 
of ebonite (Fig. 27^2) resting on the top of the 
glass jar and connected to one terminal fixed to 
the ebonite bridge. The cathode copper plate 
is attached to the brass block B on the ebonite 
bridge by a single binding screw S and therefore 
can be easily removed when required. The 
electrolyte is a solution of copper sulphate 
containing about 150 gm. of crystallized GuSO 
about 50 gms. of pure HaSO^ and about 30 c. c. 
of C2H5OH per litre of solution. The sulphuric 
acid increases the conductivity while the ethyl 
alcohol prevents the oxidation of the deposited 
Fig. 27*1 copper. 

The solution is dissociated into +ve 
copper ions and — ve sulphions. On 
passing the current the copper ions move 
towards the cathode and the sulphions to- 
wards the anode. At the cathode the 
copper ions are discharged and the ordinary 
copper is deposited. At the anode the 
sulphions are discharged and are converted 
into uncharged group SO4 which 
being incapable of separate existence 
reacts with copper of the anode forming 
copper sulphate. The strength of the 
solution is thus unaltered. The reactions Fig. .27 

are;: • 

' . , 

CUSO4 =Cu + SO^ 

Cathode ^" - ^ ' ' — — ^Anode 

Cu + (■“■ve)=:Cu ; SO^ — 2^ ( — ve)=S04 

S04d-Cu=CuS04 

If the anode is not in a condition to be readily attacked by the 
SO4, some SO4 may attack the anode forming CUSO4 ; some may 
react with water liberating oxygen which may combine with 
copper forming CuO. Some of the CuO may dissolve in £[2 SO4 
forming CUSO4. The main result is the blackening of the plate 
with CuO. Note that there is no back E. M. F. due to polarisation 
as the electrodes are made of copper which is present in the electrolyte 
in the ionic state. 

Experiment z-]' I 

Object. To determine the electro-chemical equivalent of 
copper using a tangent galvanometer for the measurement of 
current. 
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Theory^ Let the plane of the coil of the tangent galvano- 
meter be set ki the magnetic meridian^ let a current of 

strength / amperes be allowed to pass through it and a copper 
voltameter connected in series with it. Then, If be deflection of 
the needle from the magnetic meridian and m gm. the mass of the 
copper deposited on the cathode plate, we have from equ, (25*9) 

i=K tan B — — (7*5) 

where K is the reduction factor of the tangent galvanometer and from 
cqm (zri) ^ 

m^Zit ... ... (7*x) 

where Z is the ekctro-chemical equivalent of (cupric) copper. 

Eliminating i between equations (27*5) and (27*1), g«t 

K /. tan 0 

This equation can be used to calculate the electro-chemical 
equivalent Z of copper \i t and tan B are determined, the value 
of K being known. 

Note. — For method, etc., see expt. 5.2 chapter XXV. 

37*4, The Conductivity of Electrolytes. We have already 
defined the specific conductivity k of an electrolyte in § 26*7, as the re- 
ciprocal of resistivity. Since the ions in the solution act as carrier- 
of electricity, the specific conductivity depends upon the concentration. 
Hence whenever it is desired to compare different electrolytes their 
conductivities must be dealt with at equivalent or equi-molecular con- 
centrations. It is usual therefore to deal with equivalent and mole- 
cular conductivities. The equivalent conductivity A is d fined as 
the specific conductivitj k multiplied by the volume V in c. c, containing one 
gram-equivalent of the electrolyte. Thus molecular con- 

ductivity ft. is the specific conductivity k multiplied by the volume v in c. c. 
containing one-gram-molecHle of the electrolyte. Thus fx=kp. Both the 
equivalent and the molecular conductivities increase with dilution 
until maximum limiting values are reached. The limiting value of equi- 
valent conductivity is called equivalent conductivity at infinite dilu- 
tion Aoo* 

In contrast to the case of metnls the conductivity of electro- 
lytes increases with rise of temperature, the increase being about 
2*5% per degree C at about 18® C. 

27*5. Measurement of Resistance of an Electrolyte. The 
usual methods of measuring resistance cannot be used to measure re- 
sistance of an electrolyte for when a direct current passes through 
an electrolyte between two 2^ polarisation E. M. F. is set 

up due to the deposition on electrodes of the products of the electrolysis 
and to changes of concentration near the electrodes. The polarisation 
E. M. F. is opposite in direction to the applied E, M. F. and hence causes 
an apparent increase in the resistance of the electrolyte. Besides, by 
the continued passage of current through the electrolyte its concen- 
tration changes' and so its" resistance is altered. 

. ® 
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In some cases the polarisation E. M. F. may be eliminated by 
using electrodes of the material which is present in the ionic state 
in the electrolyte^ in the case of copper sulphate solution, copper 
electrodes may be used. Since the polarisation E. M. F. is pro- 
portional to the surface density of the deposits on the electrodes, it 
can be greatly reduced firstly by using electrocles of largs for 

with a given amount of deposition the larger the area of the elec- 
trodes, thinner will be the layer of deposit, and secondly by passing 
alternating current instead of direct current, through the electrolyte 
when the deposition due to the passage of the current in one direc- 
tion will be removed by the passage of the current in the opposite direc- 
tion. If the frequency of the alternating current is sufficiently high, 
the chemical action at the electrodes are reversed so rapidly as to 
make the maximum value of the polarisation E. M. F. inappreciabk. 
With alternating current the ordinary galvanometer cannot be used 
as a detector, for the deflection in it is proportional to the first power 
of the current and is reversed with the reversal of the current. In this 
case the balance point can be detected either by a vibration galvano- 
meter or, if the frequency of the alternating current is within the range 
of audible frequencies, by a telephone. 

Experiment .j,z 

Object. To determine the specific conductivity of a given elec- 
trolyte with metre bridge. 

Apparatus, Electrolytic cell, a metre bridge, a small induction 
coil, a battery, a plug key, resistance box preferably dial type, a tele- 
phone, an interchanging commutator, thermostat and connecting wires. 

Theory. Let the electrolytic cell be connected in the 
gap and a known resistance S in the left gap of the metre bridge. 
Further, let an induction coil be connected in the usual position of the 
battery and a telephone in the usual position of the galvanometer. 
Then, if / be the reading on the scale of the position of the null 
point on the bridge wire at which the sound in the telephone is minimum^ 
we have, from usual Wheatstone bridge relationship, 

^ ,E. I0O— / ' 

wheace R= — S (27*^ 

where R is the resistance of the electrolyte between the two electrodes. 

Now let a be the cross-sectional area of the column of electrolyte 
and / its length, then the specific conductivity of the electrolyte 
is given by 

k^l/dR ( 277 ) 

If the distance between the electrodes remains unaltered, Ija is 
constant for the given electrolytic cell and is called the resistance 
capacity of the cell or the cell constant. Thus, if C be the cell 
constant, the above equation is modified to 


(^7-B) 
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This equation can be used to calculate the specific conductivity of 
the given electrolyte, if the cell constant C is known. The value 
of the constant can be determined from the same equation, if the 
cell is filled with an electrolyte of specific conductivity and 

the corresponding resistance measured. The electrolyte commonly 
used for this purpose is potassium chloride. 

Description of the Electrolytic cell. 

As shown in fig. 27*3, the ekctrolytic cell consists 
of a cylindrical glass vessel of uniform diameter, 
fitted inside with electrodes consisting of 
circular platinum plates A and B. The plates 
are sealed into glass tubes which pass vertically 
through an ebonite cover, the relative positions 
of the tubes being fixed either by means of a 
glass tie or by cementing the tubes to the cover. 

The electrical connections with the electrodes 
are made by means of mercury. To increase 
the surface of the electrodes they are coated 
with platinum black, by immersing them in a 
platinizing solution (3 gm. of platinum chloride, 

0*02 — 0*03 gm. of lead acetate), passing the ’ ^ 

current backwards and forwards through the Fig. 2 7* 3 

solution a number of 
times and finally washing 
the electrodes with warm 
distilled water several 
imes until all soluble 
matter has been re- 
moved. The ebonite 
cover is furnished with 
two holes one for the 
insertion of a thermometer 
and the other for a 
pipette. When the ceil 
is not being used, these 
holes are closed with 
small corks or rubber 
plugs. 

Method. ■ ' Prepare 

N/io or N/ioo potassium 
chloride solution in con- 
ductivity mater. Into the 
clean and dry electrolytic 
cell, introduce a quantity 
of KC/ solution sufficient 
to cover the electrodes. 
Place the electrolytic cell 
temperature to 2 5 Connect 



in the tlierniostat and regulate its 
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as shown in fig. 27*4, the electrolytic cell in the right gap of the 
metre bidge and a resistance box in the left gap of the bridge. 
Next connect the terminals of the secondary of thei nduction coil 
to the terminals A and C of the bridge and connect a battery 
through a plug key K to its primary. Finally connect a low- 
rcsistance telephone between the terminal B and the jockey. 

Adjust the resistance box to a suitable value S. Close^ the key 
K and find by trial the position of the jockey on the bridge wire 
where the sound in the telephone is almost minimum. Note down 
the reading on the scale of this approximate position of the null point 
on the bridge wire and calculate from equation (27*6) the approxi- 
mate resistance of the KC/ solution between the electrodes in the cell. 
Now adjust the resistance box to a value slightly less or greater than 
this calculated value of resistance of the KC/ solution. Shift the jockey 
to the middle on the bridge wire and adjust its position on the bridge 
wire where the sound in the telephone is minmum, Note^down the 
reading / on the scale of the exact position of the null point on the 
bridge wire and calculate the value of resistance of the KC/ solution 
from the equation (27.6). Take at least two more sets of observations by 
slightly decreasing and increasing the value of the known resistance S 
and calculate the value of the resistance of the KC/ solution separately 
for each set of observation. 

Next the interchange the positions of R and S and again determine 
the value of the resistance of the KCl solution with the same values 
of known resistance Then find the mean value of the resistance of 
the KC/ solution and taking the value of specific conductivity of 
the KC/ solution as given in the following table, calculate the value 
of the cell constant C from equation (27*8). 


, Temperatufe 

Specification conductivity of KCl solution 

N/io 

N/ioo 

o°C 

o’ooyijS 

0*0007756 

18° 

0*011167 

0*0012205 

250 ‘ 

0*012856 

0*0014088 


Now remove the KCl solution from the electrolytic ceil. 
Rinse the cell and the electrodes several times first with distilled 
water and then with the electrolyte whose specific conductivity is 
to be determined* Place a quantity of the electrolyte in the cell 
and allow it to take the temperature of the thermostat. W the 
electrolyte has taken the temperature of the thermostat, say after 
7 — 10 minutes, determine its resistance as that of KCl solution above 
and using the value of cell constant as determined with the help 



CHEMICAL EFFECTS OF CURRENTS 


583 


of KGl solutionj Caiculate the value o£ th^ specific conductivity of 
the electrolyte from equation (27*8). Finally note down the temperature 
of the thermostat. 




Sources of error and precautions, (i) The electrolytic 
cell should be clean and while filling it with KC/ solution or the 
given electrolyte, care should be taken that no air bubble is enclosed 
between the electrodes. 


(2) The electrodes should be platinized, coated with platinum 
black. This reduces the polarisation E. M. F. as well as increases the 
sharpness with which the sound minimum in the telephone can be 
determined. If the electrodes have been freshly platinized, they should 
be well washed several times with conductivity water until all soluble 
matter has been removed as tested by determining the resistance of 
conductivity water. 

(5) For accurate work solutions should be made up with especially 
purified water known as ‘'conductivity water.’ Suitable conductivity 
water can be readily obtained by distilling the ordinary distilled water 
with potassium permanganate in a retort made of Jena or ^resis- 
tance glass’ and closed by tin foil instead of a cork. 

(4) The resistances should be non-inductive and of small 
self-capacitances as possible, otherwise there will not be a perfect 
silence obtained in the telephone even if the resistances in the four 
arms of the bridge satisfy the conjugate relation. The higher the 
frequency of the alternating current the greater is disturbance due 
to this cause. The connecting wltes should never be coiled. 

(5) The alternating current should be small and should be 
passed through the apparatus only when observations are being 
made, thus preventing the heating of various conductors and 
consequent change in their resistances. The frequency of the 
current should not be less than 100 cycles per second. The alter- 
nating current should not be derived from the supply mains, firstly 
because abrupt changes of current give more distinct sound in the 
telephone and secondly because it is almost impossible to obtain 
an exact null point with currents of frequency 50 cycles per second 
and the point of contact of the jockey with the bridge wire can be varied 
considerably without perceptibly affecting the telephone. 

(6) For minimum error in the result due to small error of reading 
/, the null point should be as close to the middle of the bridge wire as 
possible, while for maximum sharpness of sound minimum in the 
telephone the null point should be near the end of the bridge wire. To 
balance the errors of setting and of reading, therefore, a compromise 
should be affected and the null point adjusted to lie between 20 and 
40, or 60 and 80 cm. of the bridge wire. The value of S should be 
adjusted accordingly. 

(7) The actual silence in the telephone at the null point is seldom 
obtained and hence the null point should be determined by 
adjusting the position of the point of contact of the jockey with 
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the bridge wire so that minimim sound is prociuced in the telephone. 
If no definite point of sound minimum is obtained, the centre of the 
range over which the sound is minimum should be taken as the true 
null point. 

(8) To eliminate error due to non-coincidence of the pointei 
of the jockey with the metallic edge on underside of it which 
comes in contact with cne bridge wire, two separate measurements 
of unknown resistance should be made, one by introducing the 
unknown resistance in the left gap and the other by transferring 
it to the right gap. Note that when the unknown resistance E. is 

in the left e:ap, R = — S, where V is the reading of the position 

of the null point on the scale. 

(9) The jockey should always be pressed gently^ and its 
contact with the bridge wire should not be made while it is being 
moved along. 

(10) As the conductivity of electrolytes increases with 
temperature, the variation being about 2*5% per degree C at about 
18 ®C, the temperature of the electrolytic cell should be kept 
constant while measurements arc being made. Accordingly the 
ceil should be placed in a thermostat which must be so regulated that 
the fluctuation of temperature does not exceed 0*05® — 0*1 ®C. The 
temperature should be carefully observed and stated when the 
results are given. 

Observations. 


Name of 
liquid in the 
electrolytic 
ceE 

S. No. 

■i 

Known 
resis- 
i ance 
■ S 
ohms 

Position of balance point with the elec- 
trolytic cell in the 

! 

Mean 

R 

ohms 

Right gap 

Left gap 

/ 

cm. 

100 — 1 I 

j 

cm. 

R 

ohms 

i 

; 

1 

cm. 1 

1 

1 1 

100-— /^| R 

i' 

cm. ohms 

1' " ' 

N/ KC/ solu- 
tion 

I. 

z. 

3* 



■i 

j 


! 

1 

1 ■ i 

I 

! 



I. 









2- 
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Temperature of the electrolytic cell= ®C 
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; Specific conductivity of the N/ KC/ solutioo at °C= 
Calculations. Resistance ofKC/ solution 

p 

Cell in the left gap R =■ S 

ioo— 

= ohms 

Cell in the right gap R= i~Il/ $ 

= ohms 

Similarly calculate resistance of the given electrolyte 
Cell constant C=/^ R 

Specific conductivity of the given electrolyte 



= mhos per cm. 

Result, The specific conductivity of the given electrolyte 
( ....) at °C = ohms per cm. 

Criticism of the method. By platinizing the electrodes and 
Arsing alternating current, the polarisation E. M. F. has been greatly 
^educed. The value of cell constant has been determined by measuring 
the resistance of KC/ solution of known specific conductivity and 
hence all uncertainties in its value which creep in when it is 
calculated by measuring the area of the electrodes and their distance 
apart have been eliminated. For small distances between the 
electrodes the lines of flow between them are curved and hence the 
area of flow between them is greater than the area of the electrodes. 

The main difficulty in the method is that perfect silence in 
the telephone is never obtained as a result of which the exact position 
of the null point cannot be correctly determined. The sharpness 
with which the null point can be determined by noting sound 
minimum depends upon (i) the frequency of the alternating current, 
(//) the seif-inductance and the self capacitance of the resistance coils, 
in) the resistance of the electrolyte, and the size of the electrodes, 
their distance apart and the nature of their surface, and can be increased 
by increasing the frequency of the current, by decreasing the self-in- 
ductance and capacitance in the resistances and by platinizing the elec- 
trodes. For very accurate results alternating current of suitable fre- 
quency, say looo cycles per second, generated by means of a valve oscil- 
lator, should be used and the capacitance of the two sides of the bridge 
should be balanced by connecting a variable air condenser in parallel 
with the resistance box S. The accuracy of result also depends on 
the uniformity of the bridge wire. Consequently if there is any doubt 
about it, the bridge wire should be accurately calibrated. 
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Cells 

27*6, Simple cell. Referring to fig. 27’ 5, if two plates, one 
A of copper and the other B of zinc, are im- 
mersed in dilute sulphuric acid contained in 
a glass vessel, they at once acquire a' P, D., 
the copper plate being at pdtentiaL 

Consequently, if the two plates are connected 
by means of a metal wire outside, a conven- 
tional electric current flows immediately 
from copper along the wire to zinc in an 
attempt to equalize the potential of the two 
plates. The conventional current from cop- 
per to zinc through the wire is equivalent to 
flow of electrons from zinc along the wire to 
Fig, 27*5 copper. The departure of electrons from 

zinc makes it less negative, /.<?., raises its potential, while their arrival at 
the copper plate makes the latter less positive, lowers its potential. 
Consequently, if no other action took place inside the cell the 
P. D. between the two plates would soon disappear and the 
current would stop. But actually, as electrons leave zinc the latter 
dissolves as positively charged zinc ions giving out negative charges 
until equilibrium is established, the original potential of zinc 
is restored. 

Z«==Z«++-}-2 elementary negatm chztgts 

The zinc ions combine with sulphions already present in the 
dissociated sulphuric acid forming zinc sulphate. 

Zfi^+U^So^^ZnSO^+iW- 

The energy evolved during the . formation of zinc sulphate forces 
the positively charged hydrogen ions towards the copper plate 
where they are discharged giving out their elementary positive charges 
to copper 

2H+= H2-f 2 elementary charges 

These positive charges on copper neutralise the elementary negative 
charges coming from zinc along the wire. This maintains the 
original P. D. between copper and zinc and hence the current in the 
circuit. 

The above arrangement, a copper plate and a zinc plate 
placed in dilute sulphuric add and joined together by means of 
wire, is known as a simple^ galvanic or voltaic cell. The liquid 
inside it is called the electrolyte. The part of the copper plate 
outside the liquid is called positive pole and the part of the 

zinc plate outside the liquid is called the negative pole. The E. M. F. 
of the cell, the P. D. between tb Wo poles of the cell when on 
open circuit is I’l volts. 

It is clear from above that the energy required to maintain 
fbe E. M. F of the cell and hence the current in the circuit is 
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^ furnished bj the chemical action which takes place inside the cell^ 

for it is this energ}?' which forces the positively charged hydrogen 
ions towards copper, drives the current from 2inc to copper 
inside the ceil. In fact chemical action which takes place inside 
the cell is similar to that of a pump lifting water from a lower lev'cl 
to a higher one from where the water will naturally run down again 
' in virtue of the energy conferred upon it. It should be noted that 

if the formation of zinc sulphate from zinc and sulphuric acid takes 
place in the ordinary fashion, the chemical energy appears as heat of 
reaction instead of as electrical energy. 

In practice a simple cell gives a steady current only if the latter 
; is very small or if the cell is used intermittently, A simple cell suffers 

from two defects : {a) local action and (^) polarisation. 

277. Local action. When the negative pole of the simple 
cell is made of pure t(inc, it is not acted upon by dilute sulphuric 
acid when in contact with it until the two poles are connected 
together externally by means of a metal wire. Consequently there 
is no wastage of zinc, it being consumed only when the cell is 
i in action. But when commercial zinc is used as the negative 

pole, the moment it comes in contact with the acid it is dissolved and 
hydrogen is evolved even when the two poles are not connected 
externally by metallic conductor. This is due to the presence of 
impurities like carbon, iron, arsenic, lead, etc., in the commercial 
zinc. These impurities together with zinc, when in contact with 
the acid, form small cells with the result that local currents 
are produced. These local currents are of no use absolutely. Conse- 
quently much zinc is consumed without any advantage being 
gained therefrom. This effect with the commercial zinc is called 
local action. 

This can be avoided by covering the zinc plate with an 

amalgam of mercury. The zinc plate is first dipped in dilute 
sulphuric acid to remove zinc oxide. Then mercury is rubbed over 
its surface with a rag soaked in dilute sulphuric acid. Mercury 
combines with zinc forming a uniformly soft amalgam which 
covers up the impurities. This amalgam is not attacked by the 

acid so long as the cell circuit is not closed. When the cell is in 
action, zinc is eaten up by the acid and impurities fall to the 
bottom. Amalgamation of zinc also prevents local currents between 
portions of the plate differing in hardness. 

27*8. Polarisation. When a current is drawn from a 

cell, its E. M. F. falls off steadily owing to an effect known as 

polarisation. The polarisation in a cell is really the resultant of 
a number of effects, namely, the accumulation of hydrogen on 
the positive pole, (h) temporary changes in concentrations of ions 
near the poles, and (^) permanent change of concentration of ioor 
t in the electrolyte. 

i (a) Accumulation of hydrogen on the positive pole. When 

hydrogen is evolved at the positive pole, it does not escape freely. Some 
bubbles adhere to the positive plate and form a layer on it. This 
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layer of hydrogen, owing to the presence of electric field, lOrms a 
double layer of positive and negative ions which develops a back 
E. M. F. inside the cell as a result of which the E. M, F. of the 
cell decreases. In addition, hydrogen being an excellent insulator 
decreases the effective area of the plate and thereby increases the 
internal resistance of the cell. 

There are three methods of preventing polarisation due to 
accumulation of hydrogen on the positive pole of a ceU : — 

(i) MechanicaL If the positive plate is brushed now and then, 
hydrogen is not deposited permanently on it and hence the cell 
will not be polarised on this account. This method is obviously 
very tedious. Smee suggested the deposition of finely divided 
platinum on the positive plate so that the surface may become 
pointed and burst the bubbles of hydrogen as soon as they appear 
on it. This method is also not very successful. 

(ii) Chemical, If strong oxidi2ing agent is present in the cell, 
hydrogen may be oxidized to water as swiftly as it is formed. This 
method of removing hydrogen is fairly successful and is used in 
Leclanche cell, Bicromate cell. Grove cell, etc. The substances used 
as oxidizing agents are known as depolarisers, 

(iii) Electro-chemical, If the metals forming the two poles of 
the cell be dipped into solution of their own salts respectively, the 
solutions being prevented from mixing by means of a porous pot 
which allows free passage only to ions under the influence of electric 
field, then the positive plate will receive, instead of hydrogen, an 
additional amount of the material of which it is made. This method 
of preventing the deposition of hydrogen on the positive plate is the 
best and is used in Daniell cell, Clark cell and Cadmium cell. 

(b) Temporary changes in the concentration of ions near the 
poles. Unless the current drawn from a cell is very small, the rate of 
diffusion of positively charged ions from the negative pole towards the 
positive pole is less than the rate of supply of ions from the negative 
pole. Hence there is a net increase in the concentration of ions 
near the negative pole which results in lowering of its electrode 
potential. Similarly, if there is a decrease in the concentration of 
ions near the positive pole, its electrode potential is also lowered. 
This reduction in the electrode potentials due to change in concen- 
tration of ions near the electrodes can be recovered to some extent by 
allowing the cell to stand without supplying a current. 

(c) Permanent change of concentration of Ions in the 
electrolyte. When the metal from the negative pole goes into solution 
as ions or the ions from the electrolyte after having been discharged 
are deposited on the positive pole as metal, there is a net permanent 
change in the concentration of ions in the electrolyte resulting in 
polarisation of the ceil due to consequent change in electrode potentials. 
This^ can be eliminated by immersing the poles in the saturated 
solutions of their respective salts. This method, however, 
reduces the maximum E, M.F. of the ceil. This method is used in 
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Danieli cell, Clark cell and Cadmium cell. Another method which 
eliminates this type of polarisation and at the same time keeps the 
E. M. F. of the cell quite high is to introduce a substance which 
forms complex ions and thus keeps the maximum concentration of 
free ions of metals forming the poles very low. This method is 
adopted in Leclanche cell where in the ammonium chloride solutions 
complex ions (Z^NHg)^'^ are readily formed. 






Saiuraled 
Cu S04 Sohim 


27'9. Danieil cell. As illustrated in fig. 27*6, It cons sts of a 
copper plate (+) dipping in 
saturated solution of copper i' duie H2 i _ 
sulphate which acts as a de- ^ p / 

polariser and is contained ^ ^ 

in a glass vessel or earthen- 1:T: - l-n 

ware, and amalgamated zinc aJJ f,, 

rod (• — ) dipping in dilute sul- i£ ^ 1: 

phuric acid or a semi-saturated CL i: 

solution of zinc sulphate 'J :z 

contained in a porous pot I' lcjc-.- -A 

which is placed in the cop- ii j 

per sulphate solution. When 11 I' 1 

the copper plate and the - , /, 

zinc rod are connected to- ‘ J L . . 

gether by means of a wire ^ ^ Cu S04 joiutm 

outside, an electric current 

Eows from copper through CuSd 4 Crystals 

the wire to zinc and the 

following reactions take Fig. 27*6 

place inside the cell: — 

elementary charges 

Z«+++ H2S0,=Z«S04+ 2H+ 
zH+d-C/ySO^^HaSO^+C^-H- 

2 elementary charges 

Thus, when the cell is in action, zinc is dissolved from the zinc 
rod while copper is deposited on the copper plate. Consequently the 
strength of zinc sulphate solution increases while that of copper sul- 
phate solution decreases. This change can be represented by the 
equation 

-f C//S04^= Z^SO^d- 


Cu5o.4 Crpiais 

Fig. 27-6 


The strength of the copper sulphate solution is, however, kept 
constant by keeping it in contact with crystals of copper sulphate. 
The energy liberated during the above reaction maintains the current 
in the circuit. The E. M. F. of the cell is i 'o8 volts and its value remains 
fairly constant. The internal resistance of the cell is high. The 
cell is capable of giving steady but xto// current. 

cell. As- depicted in fig. 27*7, in a Leclanche 
cell a carbon rod (d-) is placed in a porous pot and is packed 
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round with a mixture of 
powdered manganese diox- 
ide and graphite which acts 
as a depoiariser, the graphite 
being added to 
to increase the conductivity. 
The porous pot is placed in 
an outer glass jar containing 
a saturated acqueous so- 
lution of ammonium chloride 
into which is dipping an 
amalgamated zinc rod 
(~). The NH4C/ soluv 
tion diffuses through the 
porous pot and impregnates 
the mixture of MnO^ and 
Fig- ayy graphite round the carbon 

rod. The creeping of the NH4G/ solution to outside of the jar is 
prevented by coating its upper parts with suitable enamel (black 
compound). When the cell is being used the following reactions take 
place inside the cell : — 

elementary negative charges 
Z«-^+NH^C/=Z/r (NH3) 2 C/2+H+ 

H+=H2-f a elementary charges 



n^+zMnO^==Mns<:>s+^20 

Thus the net result is the consumption of zinc and the reduction 
ofM^Og to Mn^O^, The is, however, slowly oxidized back 

to by atmospheric oxygen. The E. M. F. of the ceil is i’46 

volts. The action of the depolariser is very slow and the internal 
resistance is high. Consequently the cell is suitable only iot small 
and intermittent currents. 

27*11. Standard cells. The E. M. Fs. of the cells described 
above do not remain constant When they are being used and also 
vary with changes in temperature and changes in concentrations of 
ions in solution. Consequently these cells cannot be used as stand- 
ards. It is desirable that a standard cell should have a small 
temperature coefficient of E. M. F. and materials used in it should 
be readily obtainable and easily purified. On the other hand as a 
standard cell is not required to give an appreciable current, its size 
may be very small, and hence its internal resistance very high. The 
two cells which are used as standards are the Latimer Clark cell and 
the Weston Cadmium cell. 

^ (a) Latimer Clark cell. As shown in fig. 27*8, it consists of a 
positive pole of mercury in contact with a layer of crystals of mercurous 
sulphate which depolariser and a negative pole of 

zinc mercury amalgam (Z^ 10%) dipping in a saturated 
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solution of 2inc sulphate in equilib- 
rium with crystals of Z/^SO^ which 
are in contact with the zinc-mercury 
amalgam. The mercurous sulphate 
should be exceptionallj pure for any 
trace of impurity in it has much 
greater effect on the permanence of 
E. M. F. of the cell than that pro- 
duced by slight impurity in any of 
the other chemicals employed. The 
containing vessel is a small test tube 
of about 2 cm. in diameter and 4 to 
5 cm. in length. Contact with mer- 
cury is made either by means of a 
platinum wire sealed through the glass as shown in the figure or 
by means of a platinum wire protected by a glass tube. The reactions 
which take place when the cell supplies current are : 

2 elementary negative charges 
Z«+++Z;^S04+%2S04=2Z/?S04-f 

aH^+=2Hg-f 2 elementary podtive .charges 

The E. M. F. of the cell at i5®C is T4328 international volts and 
its value at any temperature /®C is given by 

E=i* 4328’ — 0*00119 (/— ^15) — 0*000007 (/ — 15)^ international volts 

The disadvantages of the cell are: — (^) High temperature coefficient 
of E. M. F., (^) difficulty of ascertaining the exact temperature of the 
cell and of keeping it constant, {c) large hysteresis effects attending tem- 
perature, {d) cracking tendency at the point of introduction of negative 
terminal wire and ie) interruption of the circuit by a layer of gas w^hich 
is often formed in the cell. 


ZnSo^ Soluhon 



Fig. 27*8 


(b) Weston Cadmium cell. I 
Df E. M. F. As illustrated in fig. 27*9, 



tainer is generally in the form of H, 


is used as a concrete standard 
the positive pole of the cell is of 
mercury which is in contact 
with an almost solid paste of 
mercurous sulphate and mercury 
which serves as the depolariser. 
The mercurous sulphate should 
be exceptionally pure if instability 
of E.M.F. is to be avoided. The 
negative pole is of cadmium- 
mercury amalgam (one part of 
cadmium in 7 parts of mercury). 
The electrolyte is a saturated 
solution of cadmium sulphate 
in equilibrium with crystals of 
cadmium sulphate.. The con- 
hc vertical sides being about 3'' 
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long and in diameter. There is a constriction in lower parts of 
the tubes which forms a taper plug of crystals. This holds every- 
thing in place and also makes the cell much more portable and safe 
during transit. Contact of electrodes to the external circuit is made 
by means of platinum wires sealed through the glass. The reactions 
which take place in the cell when being used are : 

negative ch2itgQ^ 

^iCd SO^+ lUg^ 

2Hg'^=2Hg+^ elementary positive charges 

The E. M. F, of the cell at 20® C is 1*0183 international volts and 
at any temperature its value is given by the formula 

E= 1*01 83 — 0*0000406 (/ — 20) — 0*00000095 (/-— 20)^ 

+0*00000001 (/ — 20)® international volts 
The main advantages of the cell are:— (£2) its long life and (^) low 
temperature coefficient of E. M. F. 

The E. M. Fs. of standard cells are constant for the passage of 
very small current only. Hence standard cells are used only in null met- 
hods of measurement, g., in potentiometer. A high resistance should be 
connected in series with a standard cell to protect it during initial stages of mani- 
pulations and may be removed when approximately balanced conditions 
are obtained. Proper care should also be taken in handling the cell, 
for any appreciable shaking up of the material in the cell tends to pro- 
duce variations in the E. M. F. of the cell. 

7*1. Characteristics of various primary cells. In 
all the cells described so far, the chemical reactions which take 
place are The negative pole is used up irreversibly 

as the cells supply current. Such cells are known as primary cells. 
They require the replacement of the negative pole, the electrolyte 
and the depolariser. The table on the next page gives the characteris- 
tics of important primary cells. 

27*13. Principle of a Secondary cell. Referring to fig. 27*10, 
let a voltameter V consisting of two large sheets of platinum dipping in 
dilute sulphuric acid be placed in series with a galvanometer G and 
let the combination b<" connected on one side, through a two-way 

key, to a battery B and on the other side 
to a copper connecting wire. When the 
battery circuit is completed by connecting 
^ to a current flows through the volta- 
meter which brings about electrolysis 
liberating oxygen at the anode A and 
hydrogen at the cathode K. These gases 
do not escape freely, a certain amount 
remaining cHnging to the respective elec- 
trodes. This, on account of high elec- 
trolytic solution pressure of the gases at the respective electrodes, tends 
to cause the gas molecules to enter as ions into the electrolyte, there— 
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1 

Name of ' Positive 
; ' cdi pole,. 

Negative 

pole 

Electro- 

lytc 

Depolari - 
scr 

E. M. F. 

Internal 

resistahce 

Remarks. 

Simple 

Copper 

Zinc 

dil 


I*I volts 

High and 
unsteady 

.. 

Suffers from 
polarisa- 
tion, E.M. 

F, not con- 
stant 

Daniel! 

Copper 

Zinc 

dil 

H^S 04 

CuSO^, 

r*o8 volts 

About 3 
to 4 ohms 
and fairly 
constant 

. E. M. F. 
fairly con- 
stant, useful 
in telegra- 
phy, etc. 

Leclan- 

che 

Carbon 

Zinc 

Sol. of 
NH^C/ 

' 

Mn 02 

1*46 volts 

Fairly 
high and 
increases 
with use 

Action of 
depolariser 
very low, 
E. M. F, 
unsteady, 
suitable for 
intermittent 
work, test- 
ing bells, 
etc. 

Bichro- 

mate 

Carbon 

i ■ ■ 1 

i ■ 

' ^ 

Zinc 

dil 

HqSO^ 

H^CrO^ 

2 volts 

' 

Very low 

Inconsistent 
current; 
strength of 
current 
considerable 
for a short 
time, re- 
covers when 
not used 

Bunsen 

Grove ■ 

Carbon : 

plati- 

num 

Zinc 1 

' ■■ ■ ' ' ' 

dil 

1 

Strong 

HNO3 

■ 

1*9 volts 

Fairly 

^ low ! 

E. M. F. 

' constant, 
current con- 
, siderable for 
^ some time 

Clark ' 
ceil 

Mercury 

Zinc, 
mercury I 
amal- 
gam. 1 

Satura- 
ted sol 1 
of 

ZnSO^. 

Mercu- ' 
rous sul- 
phatc 

1*4328 
int. volts 
T5®C 

jVcry high 
500 to 
1000 ohms 

1 depend- 
ing upon 
■size. 

E. M. F. 

constant, 

1 high temp. 

1 coeiEcient, 
j used as 
standard of 

1 E. M. F. 

Cadmi- 
um cell 

Mercury' 

'■ 

i Cadmi- 
um mer- 
cury 
amal- 
gam 

I Satura- 
ted sol. 

1 of 
C<iS04 

1 Mercu- 
rous sul- 
1 phate 

i 

1*0183 int. 
volts at 
20°C 

Very high 
depends 

I upon size 
usually 

900 ohms. 

1 

E. M.F. 
constant and 
almost indc- 
' pendent of 
' temp., used 
as standard 
ofE. M.F, 
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by decreasing the cathode potential and increasing the anode 
potential. The result is that an E, M. F. is set up between the 
electrodes which tend to oppose the current sent through the voltameter 
by the battery. This E. M. F. is called back E. M. F. or polariza- 
tion E. M, F. If now after some time the battery circuit be broken 
and a connected to V, a current flows through the galvanometer 
in the reversed direction. This current is due to the polarization 
E. M. F. and is called polarif(aHon current. It is of very short 
duration and lasts only as long as there are still gas molecules adhering 
to the electrodes. 

If the above experiment is repeated by passing current through a 
lead voltameter consisting of two lead plates in dilute sulphuric acid, 
then as a is connected to the galvanometer needle will again be deflec- 
ted in the reversed direction due to the polarization current. But, if the 
experiment is performed with a copper voltameter consisting of two 
copper plates dipping in copper sulphate solution, no polarization 
current is produced. In fact whenever chemical action occurs in a 
circuit due to the passage of a current, the formation of a compound pro- 
duces a forward E. M. F. mhile the breaking up of a compound produces a 
back E. M.. F, When current is passed through a copper voltameter, 
copper goes into solution at the anode with the formation of copper 
sulphate and thus producing a formrd E. M. F. and goes out of solu- 
tion at the cathode with the breaking up of copper sulphate and thus 
producing an equal back Bi. M. F. The result is that there is no po- 
iarizadon E. M. F. in a copper voltameter. 

The above experiments show that the passage of a current through 
a voltameter, in certain cases, produces a E. M, F. in it which 
makes the voltameter able to act temporarily as a voltaic cell, the anode 
and the cathode of the voltameter becoming respecdvely the posi- 
tive and the negative pole of the cell. This is the principle of a 
secondary cell. 

It should be noted that in a primary cell chemical energy is 
converted into the electrical energy and that the chemical reactions 
which take place inside the cell are irreversible ^ while in secondary 
ceil the electrical energy is stored during electrolysis as potential 
chemical energy which is reconverted into the electrical energy when 
the current is drawn from the cell and that the chemical reactions which 
take place inside the cell are reversible. The secondary cells behave 
as though they are reservoirs of electricity and are, therefore, also called 
storage cells ot accumulators. 

27*14. Accumulators. There are two types of accumu- 
lators which are of practical importance, namely, the accumulators 
and the alkali accumulators. 

■ j - (a) The acid or lead accumulator. It consists of (Fig. . ayvii) a 
series of parallel lead plates constructed in the form of grid 
(Fig, 2"? *12) and placed in a glass vessel containing a 20% solution 
of sulphuric acid. Into the interstices of the grids is pressed 
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mechtoicaliy a paste of lead sulpHate formed by 
mixing lead oxide Pi ?0 (litharge) with cone, sui- 
phiiric acid. The paste sets itself hard after a 
short while. The hardness can be increased by 
the addition of a little glycerine and other sub- 
stances. It should be noted that the grids are 
merely supports for the active material and 
secure the paste more effectively than the ordi- 
nary lead plates. The cast lead of which they 
are made is an alloy of antimony and lead which 
^ is much stifer and stronger than 
I pure lead. The alternate plates 
are soldered to one common lead 
■ rod and form the anode while the 
remaining plates are soldered to 
I another common lead rod and 
form the cathode. The anodeset 
has always one plate less than 
Fig. 27*12 the cathode set, because active 

material in the positive p’ate expands when the cell 
is being charged and if all the expansion took place on one side the 
plate would be distorted out of shape. 

When the current is passed through the cell, the acid solution 
is electrolysed. The suiphions i’OiT'move towards the anode 
where lead sulphate is converted into dark brown lead peroxide and 
two elementary negative charges are set free. 

PbSO^-^SO^-^-j-zH^O^^PbO^+iH^SO^ + z elementafy negative charges 

The hydrogen ions H'*' travel towards the cathode where lead 
sulphate is reduced to porous spongy lead and t^yo elerneritary positive 
charges are set free,:''. 

PbSO^-\~ H^SO ehmQatztY posifm charges 

The above process is called forming the plates. Daring the 
formation of phxcs z polarisation E. M. F. depelops which acts 
within the ceil from to WOg. When the formation of plates is 
complete, the cell is said to be charged and is then ready for use. 
The E. M. F. of the cell when fully charged is about 2*1 volts and 
its temperature coefficient is about 0*0003 volts per degree. 
During charging of the cell the concentration of sulphuric acid 
increases. Indeed the state of charge of the accumulator is 
estimated from the density of the acid which is about 1*24 when it 
charged.' 

When the charged accumulator is used to supply current through 
an external circuit, the P^Og plates form the positive pole and the Ph 
plates the negative pole of the cell. During discharging of the cell, 
the hydrogen ions H*** travel towards the positive pole where the 
lead peroxideis converted into lead sulphate and two elementary posi- 
tive charges are liberated. 
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PiOgH- +'H2S04=== P^S04 + 2H2O+2 elementaiy positlm 
charges,': , 

The suiphions move towards the negative pole where the lead is 
converted into lead sulphate and two elementary negative charges 
are set free, 

P^+ S04-=P^S0^+2 elementary negatm charges 

During discharge the concentration of the acid decreases and 
the E. M. F, of the cell falls. When the density of the acid falls to 
about 1*15, it is regarded as discharged and requires recharging before 
it can be further used to supply current. The E. M, F, of the cell 
when discharged is about i'8 volts. 

As the effective area of the plates is very large and the distance 
between them is very small, the internal resistance of the cell is ne^i- 
gible^ being only a small fraction of an ohm. The cell should therefore, 
be never short circuited a heavy current will flow and cause 

suiphating, disintegration of active material and buckling of the 
plates. 

The efficiency of an accumulator is given by the expression 
£l£^ie^^ Watt-hours given out at discharge 
Watt-hours put in at charge 

It is of the order of about 70%. 

The capacity of an accumulator is measured in amp-bours^ which 
indicates the quantity of electricity which the cell can supply before it needs 
recharging. For example, an accumulator having a capacity of 100 
amp-hours can supply 100x60X60=36x10^ coulombs of charge 
before recharging, /.(?., a steady current of 5 amps, for 20 hours. The 
capacity of a ceil depends on the design of the plates of the cell as well 
as its rate of discharge, being much greater for weaker currents than 
that for large currents. 

The main disadvantages of an acid accumulator are: (i) short 
life due to gradual falling of active material from the positive 
plate resulting in lowering of its capacity, (ii) high initial cost, (iii) 
low efficiency and (iv) considerable weight which renders it not 
very portable. 

(b) The alkali accumulator. There are two types of alkali 
accumulators, namely, the nickel-iron or Edison cell and the 
nickel-cadmium or the NIFE, cell. Both the cells have the same 
electrolyte, about 20% solution of potassium hydroxide to which 
a small amount of lithium hydroxide is added to increase the capacity 
of the cell by about 10%. They also use the same type of positive plate 
the active material of which is nickel-hydroxide mixed with finely divi- 
ded nickel to render the former conducting. In the Edison cell (nicrel 
iron), the negative plates contain finely divided iron mixed with yellow 
mercuric oxide, the function of the latter being to increase the couduc- 
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tivlty as well as the capacity of the ceil. In the NIFE (nickel-cadmium) 
ceil, the negative plates contain cadmium. The plates are constructed 
in the form of flat steel tubes, perforated by a large number of small 
holes for entry of the electrolyte and the active material is pressed 
into the tubes. This results in very strong plates practically free 
from buckling and sediment formation* The container is usually 
steel plated on its outer surface to prevent it from atmospheric 
corrosion. To prevent the absorption of air into the electrolyte 
which lowers the capacity of the cells, the container is provided 
with an air-tight valve. 

The reactions which take place inside the Edison cell during 
charging and discharging are as follows: 

Discharge , 

At the positive plate — 

2 Ni (OH)34*aK'*'=2N/ (OH) ‘‘•4-2KOH+ 2 elementary positive 
charges 

At the negative plate — 

F^-f-aOH* =F^ (011)2+2 elementary negative charges 
Adding the two equations, we get 

zN/ (0H)3+F(?+2K0H=N/ (0H)2+F^ ( 0 H )2 + 2 KOH 
or zN/ (0H)3+F^=2N/ (0H)2+F^ (0H)2 

Charge 

At the positive plate— 

2 Ni (0H)2+20H’‘== zNi (0H)3+ 2 elementary negative charges 
At the negative plate— 

F^ (OH) 2 + 2K+= F^+ 2KOH+ 2 elementary positive charges 
Adding the two equations, we get 

2 Ni (OH)2+F<OH)2+2KOH=2Ni(OH)3+ F++2KOH 
or 2 Ni (0H)2+F^ (0H)2:=2 Ni (OH)3 +Fa 

From the above set of equations it is evident that the con- 
centration of the electrolyte remains constant during charge or 
discharge, OH radical being simply transferred between nickel 
hydroxide and iron. 

When fully charged the E. M.F. of the alkali cell is about 1-35 
volts. Its internal resistance is also low. Its efficiency is corn- 
parativeiy less than that of the acid accumulator, being about 50%. 
Its main advantages are :---(i) its insensitivity to mechanical vib- 
rations and heavy discharge, (ii) its long life compared to that of an 
acid accumulator, (iii) low wt. capacity ratio, (iv) its practically constant 
E. M. F. even when left idle, and (v) little attention for its care. 

; 27"i5. ..Internal Resistance ' of a ' Secondary cell. The' usual 

voltmeter-ammeter method or the potentiometer method for deter- 
mining the internal resistance of a cell is not suitable in the case of 
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a secondary ceil or any other cell of very low resistance for, to pro- 
duce a measurable fall of potential difference across the terminals of 
the cell, the current drawn from the ceil would be too great which 
would damage the cell as well as burn the resistance In the external 
circuit. The following d/fm/zZ/aZ method is applicable In the case of 
any ceil of low internal resistance. 

Experiment 27*5 

Object. To determine the internal resistance of an ac- 
cumulator. 

Apparatus. Two similar accumulators, a millivoltmeter, 
an ammeter, rheostat of a small value, say about 20 ohms, a tapping 
key and connecting wires. 

Theory. Let the positive terminals of two similar accumulators 
be connected to a sensitive voltmeter, and let their negative terminals 
be joined together. Then, if the E. M. Fs. of the two accumulators 
are equal the voltmeter will record no potential difference. Now let 
a resistance R be connected across one of the accumulators. A 
current f will flow through the resistance R, and since the resistance 
of the voltmeter is very hi^, this current / will be drawn only from the 
the accumulator across which R has been connected. Consequently 
potential difference across the terminals of this accumulator will 
fall by an amount /r, where r is its internal resistance. This fall in P. D. 
will be recorded by the voltmeter as Hence 

From this expression the internal resistance r of the accumulator 
can be calculated, if v and i are determined. 

Alternatively, a graph may be plotted between v and / and the 
slope of the straight line thus obtained will give internal resistance 
r of the cell. 


Method. Connect two similar accumulators in parallel as 
shown in fig, 27*13 with a millivoltmeter across their terminals. 



the '\-ve terminal of the accumulator of 
xho higher E. M. F., if the E. M. Fs. 
differ slightly, being connected to the ■+• 
marked terminal of the voltmeter. Con- 
nect a rheostat of about 20 ohms and 
an ammeter A in with one of the 


A) 



Fig. 27-13 


accumulators if their E. M. Fs. are exactly 
equal or with the accumulator of lower 
E. M. F, if they differ slightly, including a 
tapping key in the circuit. 

With key K open note down the reading 
of the millivoltmeter. This will be zero 


only when the E.M.Fs. ofthe two accumulators are equal. Next 

adjust the rheostat to a high resistance R, say about 15 ohms and 
depress the key K. A current will flow through the circuit and the 
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miilivoltnieter reading will change. Note down the reading of the 
millivoltmeter. The difierence between the two readings of the volt- 
meter gives the value of p, the /«// in P. D. across the accumulator E 2 
supplying the current /. Then calculate the internal resistance of the 
accumulator from the formula r=pji. Repeat the experiment ten times 
with different values of R and find out 
the mean value of r. 

Next plot a graph between v and /. 

This will come out to be a straight line 
as shown in fig. 27*14. Find the slope 
of this line which will give r. 

Note that r gives the interna] 
resistance of the accumulator E^. Fig. 27*14 

Sources of error and precautions. The E. M. Fs. of 
the two accumulators should be equal. If they differ slightly, 
difference should not exceed a few millivolts. 

(2) The two accumulators should be fully charged otherwdse the 
intial reading of the millivoltmeter wdll change after each observation. 

(3) The fall in potential difference v across the terminals of 
the accumulator E2 when current is drawn from it is very smalL Hence 
to measure it accurately a sensitive voltmeter, a millivoltmeter 
should be used. Similarly a sensitive ammeter should be used for 
measurement of current i. 

(4) Special care should be taken in connecting the positive 
terminals of the accumulators to the millivoltmeter for, if by 
chance two dissimilar terminals art connected to it the millivolt- 
meter will be burnt out. In case the E. M. Fs. of the accumulators differ 
slightly, the positive terminal of the accumulator of higher E. M. F. 
should be connected to the + marked terminal of the millivoltmeter. 

(5) The -f-vely marked terminal of the ammeter should be con* 
nected to the higher potential point of the circuit. 

(6) The series combination of rheostat and the ammeter should be 
connected across the cell of lower E. M. F., Eg. If this is done with 
the cell of higher E. M. F., then, on depressing the key K, the needle ©f 
the millivoltmeter will move in the wrong direction. 

(7) Before depressing the key K, it should be carefully ascertained 

that the rheostat has been adjusted to give apprect able resistance, 

otherwise a heavy current will flow through the circuit which may 
damage the rheostat, the ammeter and even the cell. On no account the 
rheostat should be removed or its resistance reduced to e^ero, 

(8) For determination of fall of potential v of the cell Eg under 
test, the key K should be depressed momentarily ymA the millivoltmeter 
read immediately for thereafter the needle of the millivoltmeter often 

forward. 
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(9) The graph between v md i should be straight line and should 
be smoothly drawn. 


Observations.. 

Least count of miiiivoltmeter 


niilli volts 



I east count of ammeter 

sss , 

amp. 

S. No* 

i 

f- 

Miiiivoltmeter reading 

P 

i " 

f 

amp. 

f 

Key open 
millivolt 

Key closed 
millivolt 

volt 

ohm 

1 

1 ■ i 

2 1 

3 

4 

5 

6 

7 

8 

9 

10 

' - 1 

1 : - \ 

: ' . 1 . , ' , . 

t 

1 ■ 






■1 . 

Mean 1 

Calculations. 

Set 1 r^~ 

i 






ohms. 


(N. B. — Make similar calculations 

for other sets) 

From 

graph ( 27 -I 4 ) 




PR= 

QR = 




PR/QR == = ohms. 

Result. The internal resistance of the accumulator 
(/) by calculations = ohms 

(//) by graph = ohms 

Criticism of the method* It is the only practical method 
of determining the internal resistance of an accumulator. Using 
a sensitive miiiivoltmeter and freshly charged cells, the method 
yields accurate results. The method is equally suitable for cells 
of higher internal resistance and is more accurate than the usual 
voltmeter-ammeter and potentiometer methods. In the case of 
primary ceils, however, it suffers from all the defects due to 
polarization. 
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27*1:6. Charging of ■ Accumulators. ' The . acacunniiatoTS' 
to be charged are connected to the 
D. C. mains m series with, a buib or 
other suitable resistance and an 
ammeter as shown in fig. 27*15, care 
being taken that the current enters 
the cell by the positive terminal. 

By adjusting the variable resistance, 
the strength of the current is adjusted 
to He within the limits of the charging 
current specified by the manu- 
facturer. The accumulators are fully 

charged when they are gassing evenlj. The density of 

the acid in the case of lead accumulator on full charge rises to about 
1*25 gm./c.c. which can be tested with a hydrometer. 

Oral questions 
ELECTROLYSIS 

What is electrolysis ? How is it brought about ? What is the function of 
the current ? Docs it decompose the electrolyte or simply direct the ions present 
in it to wards electrodes ? What chemical changes take place at the electrodes ? 
What are tbe factors on which the products obtained by electrolysis depend ? 
What are Faraday’s laws of electrolysis ? What is elctro-chemical equivalent 
and how is it related to chemical equivalet ? Given the electro-chemical 
equivalent of hydrogen, how can you calculate the electro*chemical equivalent 
for any other substance? What is Faraday and what its value? Flow do you 
define international ampere? Describe a copper voltameter and explain the 
reactions taking place in it when a current is passed through It. Flow do you 
determine elcctro-chcmical equivalent of copper ? (Also see questions on 
expt. 27.1) 

CONDUCTIVITY OF ELECTROLYTES 

How do you define specific conductivity, equivalent conductivity and mole- 
cular conductivity, of an electrolyte ? Flow do they vary with (tf) concentration and 
(/?) temperature ? How can you determine specific conductivity of an electrolyte ? 
Why is the Wheatstone bridge method of measuring the resistances as ordinarily em- 
ployed not suitable in the case of electrolytes ? What are the factors tvhich affect 
the conductivity of an electrolyte when a current is passed through it ? How does 
polarisation E. M. F. increase the resistance of the electrolyte ? How can you 
reduce the polarisation E. M. F. to minimum ? How can you increase the surface 
of the electrodes ? How can electrodes be platinised ? How does the use of al- 
ternating current reduce polarisation E. M. F. ? What are the sources of error 
in the Wheatstone bridge method of measuring the specific conductivity of an electro- 
lyte employing an alternating current ? Describe the precautions taken by you to 
eliminate chem. Why should the solutions be made with conductivity water ? Why 
should the resistances be non-inductive and of negligible self-capacitance ? Do you 
get a perfect balance of the bridge in this experiment ? On what factors does the 
sound minimum in the telephone depend ? Why don’t you determine the cell 
constant by measuring the area of the electrode and the distance between them 
instead of determining it experimentally by means of an electrolyte of known 
specific conductivity ? How can you get more accurate result ? 

CELLS 

What is a cell ? What are its essential parts ? What is an electrolyte ? Flew 
many kinds of cells do you know ? Distinguish between priniary and seconaary 
ceils. Name the different types of primary cells you know. What is a simple 
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ccii ? Do you get constant current from it ? If not, why ? What is local action ? 
What is it due to ? How is it overcome in practice ? What is polarisation ? What 
harm docs it produce? How does H 2 produce back E. M. F. ? What are the 
methods used for removal of Hg? What is a depolariser ? What chemical pro- 
perties must it possess ? Name some substances which are used as depolarlscrs. 
What do you understand by E, M. F. of a ceil ? How is it produced ? On what 
factors does it depend ? Is the E.M.F. of a cell the same as P. D. between its termi- 
nals ? What is meant by open and closed circuits ? How does the circuit remain 
open when E. M. F, of a cell is measured with a voltmeter ? 

Describe the construction and working of (a) a Leclanche cell and (b) a 
Daniell cell. What methods are employed to reduce local action and polarisation 
in these cells ? Give the values of E. M. Fs. and internal resistances of these 
cells. What arc their uses? Why is Mn02 mixed with granular carbon in a 
Leclanche cell ? Why is the jar of the Leclanche cell blackened ? What type 
of ceils do you use in electric torches ? Describe a dry ceil. 

W’hat is a standard cell ? Why is ordinarily a DanicU cell used as a standard 
cell ? Describe tnc Clark cell and the Weston cadmium cell. Which is better 
and why ? Why should the mercurous sulphate be exceptionally pure ? Why is 
there a constriction in lower part of the tubes in a cadmium cell ? What special 
precautions should be taken in using a standard cell ? 

What is the principle of an accumulator ? Why is it called a storage cell ? 
How many types of accumulator do you know ? Describe the acid or lead 
accumulator explaining the reactions during charging and discharging. When is 
the lead accumulator said to be discharged ? What arc its E. M. F. and density 
of the liquid when fiilly charged ? What is its internal resistance ? Name the 
tw’o types of alkali accumulators. What is the difference between Edison and 
NIFE ceils. Explain the reactions which take place during charging and dis* 
charging of Edison ceils. What is its E. M. F. when fully charged. Which is 
better — the acid accumulator or the alkali one ? What do you understand by 
capacity and efficiency of an accumulator ? How’ do you charge an accumu - 
lator ? 

INTERNAL RESISTANCE OF AN ACCUMULATOR 

What do you understand by internal resistance of an accumulator? On 
what factors does it depend ? What is its value ? Why is it so low ? How can 
you determine internal resistance of an accumulator? Can you not determine it 
by the usual voltmeter-ammeter method or with a potentiometer ? What 
precautions do you take in your experiment ? Why should the cells be fully 
charged and of ample capacity ? Why should their E. M. Fs. be almost equal ? 
Why do you use a millivoltmeter instead of a voltmeter ? Docs it measure the E. 
M, F. of the cells or their dificrence ? Why should the positive terminal of the cell 
of higher E. M. F. be connected to the ^ marked terminal of the millivoltmeter ? 
What wdll happen if by mistake the positive of one cell and the negative 
of the other cell are connected to the millivoltmeter? Of which of the two 
ceils do you find the intemal resistance ? Give reasons. Can you use this method 
to find the internal resistance of a primary ceil ? What is the accuracy of the results 
obtainable by this method ? 





Chapter XXVIII 

HEATING EFFECTS OF CURREISiTS 

28*1, Laws of Heating Effects of Cutrents* We 
have seen in § i6*i that when a current is allowed to passthrough 
a conductor, work is done at the expense of part of electrical energy 
of the circuit which appears as heat in the conductor and that, if the 
potential difference between the ends of the conductor be V e. m. units, 
the work done or the energy transformed into heat when one e. m. 
unit current flows through it for one second is V ergs. Hence , if the 
conductor carries a current of I e. m. units, the energy transformed 
into heat in one second will be VI ergs and in / seconds VI/ ergs. If 
this energy is equivalent to H calories of heat, we have 


where J is the mechanical equivalent oj heat. Now J=4*i8Xio’ ergs 
per cal. and from Ohm^s law V=IR, where R is the resistance . 
of the conductor, hence the heat produced in calories is given by 
the expressions 

VI/ ^ PR/ ^ VH (z8*2) 

4‘i8Xio^ 4*i8Xio^ 4’i8Xio'’^R 

If V, I and R are expressed vn practical units^ then since one 
voit=io® e. m. units of P. D. and one, ampere=io-^ e. m. units of 
current, the energy transformed in / secs. wiU be VI/X io’ ergs and 
the heat produced in calories will then be given by 

VI/ , VI/ 

J 4 ‘i8 

and the expressions in (2 8 *2) will be modified to 

V^/ 

H=o- 24 VI/=o* 24 PR/=:o* 24 *^ (^^* 3 ) 

From these equations it follows that 

(1) The quantity of heat developed in a conductor of given 
resistance by the passage of a current of given strength is directly 
proportional to the time for which the current flows. 

(2) The quantity of heat developed in a conductor of given 

resistance in a given time is directly proportional to the square of 
the current strength or to the square of the potential difference at the 
ends of the conductor or the product of the current strength and the 
potential difference. , 
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(5) For a given current strength, the quantity of heat 
produced in a given time is directly proportional to the resistance 
of the conductor, 

(4) For a given potential differencca the quantity of heat 
produced in a given time is inversely proportional to the resistance 
of the conductor. 

These relationships are known as laws of heating effects of mrrents 
The relationship H==o*24 PR/ was first experimentally established 
by Joule and is known as The other expressions for H 
in equation (2 8* 3) are alternative forms of Joule’s law. 

Experiment 28*1 

. Object. To determine the value of mechanical equivalent 
of heat with Joule* s calorimeter using a copper voltameter. 

Apparatus. Joule’s calorimeter, a copper voltameter, two 
jars, a battery of accumulators, a sliding rheostat of about 50 
ohms, a voltameter, a weight box, a stop-watch, a thermometer, 
a physical balance, a chemical balance and connecting wires. 

Description of Apparatus. The Joule’s calorimeter con- 
sists of a copper calorimeter of about half-a- litre capacity silvered on 
its outer surface, and fitted with an ebonite cover which supports the 
heating coil suspended inside the calorimeter. The heating coil is 
made of a high resistance wire, eureka and is connected to two 
terminals fixed to the ebonite cover by thick copper leads. The 
cover is provided with three holes, the central one for the thermometer 
and the two outer ones for the stirrer. The calorimeter is placed in 
a copper container which is silvered on its inner surface, the calorimeter 
being thermally insulated from the container by a thick layer of felt. 

Theory. Let a resistance coil be immersed in water contained 
in a calorimeter and let a current of I amperes be allowed to pass through 
the resistance coil. Then, if V volts be the potential difference across 
the coil, the energy transformed into heat in t seconds will be equal to 
VI/Xio’ ergs. If this energy transformed be equivalent to H calories 
of heat 


(28H) 

where J is the mechanical equivalent of heat. Now, if the current 
I flowing through the resistance coil also passes through a copper 
voltameter placed in series with the coil and if it deposits m gm. of 
copper on the cathode plate in t seconds, we have 

' (28*5).': 

where Z gm/couiombTs the electro-chemical equivalent of (cupric) 
copper. Eliminating I between equations (28*4) and (28*5) we have 



X 10^ 
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No’w let M be the mass of water contained in the’ calorimeter and 
let W be the water equivalent of the calorimeter and the stirrer. 
Theaj if 5 be the rise in temperature of the calorimeter and its con- 
tents/ the heat taken up by them is (M+W) $ calories. Assuming that 
all the heat produced in the heating coil is used up in raising the tem- 
perature of the calorimeter and its contents, we have, by equating the 


two expressions for FI, 

(M+W)J= 


Ym 

JZ 


hence 


•Xio’ 

V;!!? 


enables us to 


2(M+W)^ 
calculate J, if 


Xio’ 
other 


(28-6) 

quantities are 




with stirrer 


in a 



This equation 
determined. 

Method. Weigh the empty calorimeter 
physical balance. Fill it with 
water sufficient to cover the 
heating coil and again weigh it 
and thus determine the mass of 
the water contained in the calori- 
meter. Then cover the calorime- 
ter with its ebonite lid immersing 
the heating coil in water and 
place the calorimeter in its metal 
container lined with felt. 

Now clean the copper cathode 
plate of the copper voltameter 
thoroughly on its both sides 
with sand paper and a rug or Fig. 28*1 

emery cloth until its surface is quite bright and weigh it in an accurate 
chemical balance correct up to i/io of a milligramme. Then make 
connections as shown in fig. 28*1, connecting the heating coil to a 
storage battery in series with a suitable sliding rheostat R and a copper 
voltameter C, and placing a voltmeter in parallel with the heating coil. 
Note down the temperature of water contained in the calorimeter 
correct up to 1/5 or preferably i/io of a degree G. Then start the current 
and simultaneously with it the stop-watch. The resistance coil in the 
calorimeter will get heated and the temperature of the calorimeter 
and its contents will gradually rise. Stir the water constantly and 
efficiently. Note down the potential difference across the heating 
coil with the voltmeter and keep it constant by adjusting the 
rheostat, if necessary. When the temperature of the calorimeter 
audits contents has risen by about 10® C, switch off the current. 
Note down the exact time for which the current has been passed. 
Also note down the final temperature of water. Now allow the water 
to cool for the same time for which it was heated and determine 
the fall in the final temperature during this interval. Add half 
the fall in temperature to the final temperature of the calorimeter 
and its contents which will give the final temperature corrected for 
heat losses by radiation. 
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Now remove the cathode plate from the voltameter and imme- 
diately immerse it in a jar of tap water already placed near the 
voltameter. This will remove the copper sulphate solution left on 
the plate. Then transfer the plate to another^ jar containing 
distilled water to which two or three dro|5S of sulphuric acid per litre 
have been added. Next press the plate without rubbing between sheets 
of filter paper or clean blotting paper to remove the moisture as far as 
possible. Then dry the plate finally in warm air coming out of a hot 
air blower. Weigh the cool dry plate in the chemical balance to the 
nearest tenth of a milligramme with the help of a rider and thus find out 
the mass m of the copper deposited. Finally calculate the value of J 
from equation (28*6) above, taking Z=o *0005295 gms per coulomb. 

Sources of error and precautions, (i) The copper sul- 
phate solution in the copper voltameter should have a density 
of about ri8 gm/c.c., and should be made slightly more acid than 
the aqueous solution of the salt by the addition of o* 1% by volume 
of concentrated sulphuric acid. 

(2) The total area of the cathode surface immersed in the 
solution should be about 50 sq. cm. per ampere passing. The deposi- 
tion of copper should be made on both sides of the cathode plate by 
using two anode plates one on each side of the cathode plate. * 

(3) The cathode plate over which deposit of copper is to be made 
should be clean and should never be touched with fingers. It should 
always be handled by interposing a double strip of paper and should 
always be lifted by the attached wire or the hook at the top. 

(4) The current must leave the copper voltameter by the cathode 
plate, the plate over which the deposit of copper is to be made should 
be connected to the negative of the battery or to a point at a potential 
lower than that of the point to which the anode plate is connected. 

(5) The rise in temperature of the calorimeter and its contents 
should be about 10° C. 

(6) The strength of the current should be between V) and 2 
amperes so that during the interval the temperature of the calorimeter 
and its contents rises by about io®C, a weighable amount of copper 
must be deposited on the cathode plate. 

(7) The potential difference across the heating coil should be 
small, say about 6 volts. If the potential difference exceeds 8 volts 
the electrolysis of water which takes place when the current passes 
through the heating coil will affect the result seriously. 

(8) The strength of current should be kept constant w^hile de- 
position of copper iS being made on the cathode plate. The voltmeter 
reading should be kept constant by adjusting the sliding rheostat, 

,r if necessary., 

(9) The water in the calorimeter should be constantly and 
efficiently stirred during the heating of the coil in order to equalise 
the temperature throughout. 
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( I o) The final temperature of the calorimeter and its contents 
should be corrected for loss of heat by radiation, 

(i I ) When the cathode plate is taken out of the voltameter 
after the deposition of copper, it should be immediately immersed in 
a jar of tap water. The plate should then be transferred to a jar 
containing distilled water to which a few drops of suiphuric acid per 
litre have been added. 

(12) While pressing the cathode plate between sheets of 
blotting or filter paper, it should never be rubbed. 

Observations, Mass of the calorimeter and .stirrer " ... = gm. 
Mass of the calorimeter, stirrer and 
water . ... ■... , 

Least count of thermometer ... ... = ®C 

Initial temperature of water ... ... = ®G 

Final temperature of water after the 
current has passed for / seconds ... = ®C 

Fall in final temperature of water in / 

... ... ... = °C 

Mass of cathode plate before deposition 
.of copper , ' " ... ■ , gm. 

Mass of cathode plate after deposition 
of .copper' ... ^ gm. 

Potential difference across the heating 

coil ^ volts 

gm. ' ; 

:gm. 

■>G : ■ 

°G,.;.: 

gm. 


== X ®^gs/cal. 

Result. The value of mechanical equivalent of heat 
~ X 10^ ergs/cal. 

Criticism of the method. '-.The value' of mechanical 
equivalent of heat obtained by this method is always slightly 
higher than its correct value. The total amount of heat produced 
in the resistance coil cannot be accurately determined for (i) heat 
losses to the surroundings cannot be completely checked, (/V) the 
change In temperature of the calorimeter and its contents cannot 
be followed as accurately as we wish and (//V) some heat is also taken 


Calculatioos, Mass of water in the calorimeter 

Water equivalent of calorimeter and 
■ stirrer '■ ■■ ^ 

Final temperature of water corrected 
for loss of heat by radiation ... 

Rise in temperature of calorimeter and its 
contents ' ... ... ... 

Mass of copper deposited on the 
cathode''. plate,'.' ... . 
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Up by the thermometer and the heating coil and it is not easy to deter- 
mine the true value ot the water equivalent of the calorimeter, the 
stirrer, the heating coil and thermometer. Loss of heat to the 
surroundings can be eliminated if the calorimeter is placed in a double- 
walled vessel, the space between the walls being filled with water at a 
constant temperature equal to the mean of the initial and final tempera- 
tures of calorimeter, for then the calorimeter gains heat from the sur- 
roundings during the first half of the experiment and loses to them 
an equal amount during the second half. Loss of heat by evaporation 
can be avoided by using a liquid of low vapour pressure, e,g,^ paraffin oil 
or aniline. These liquids have a small specific heat and hence 
with them the rise in temperature will also be quick and comparatively 
large. With these liquids higher voltages can be applied across the 
heating coil as there is no fear of electrolysis. 

Now unless the heating coil is made of a material of negligible 
temperature coefficient, its resistance changes appreciably with tem- 
perature and it is difficult to keep both the current and the potential 
difference across the coil constant. A part of the main current flows 
through the voltmeter and unless its resistance is very high the current 
taken by it will not be negligible and in that, case the current through 
the heating coil will be (I — V/R) where R is the resistance of the 
voltmeter. This difficulty can, however, be overcome by measuring the 
potential difference with a potentiometer with which the accuracy will 
also be increased. 

Most of the above defects arc removed in Callendar and Barne’s 
continuous flow caiorimeter in which the heat produced in the coil 
is removed by means of a constant flow of water as rapidly as it is 
produced* 

28 * 2 . Measurement of Electrical Energy. Electrical energy 
for lighting and power is measured by some form of integrating 
meter, i.e.^ a meter which gives not the rate at wdiich energy 
is supplied to the circuit but the total amount of energy supplied 

during a given time. Such a meter evaluates V / w^here V and 

i are the instantaneous values of the voltage and current and 
(/g — /j) is the time during which energy is supplied. The meter 
records the energy consumption directly in commercial units. A 
commercial or Board of Trade (B. O. T.) unit of energy is the 
kilowatt-hour (K. W. H.), which is defined as the energy used in 
one hour when the power is one kilow'att. 

An energy meter usually consists of a small motor w^hich is 
provided with a magnetic brake. The motor drives a counter 
whose indications on a system of dials are proportional to the total 
number of revolutions made by the armature As illustrated on 
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fig. z8*2, the field coils consist of two coils F, F of low resistance 

connected in series, and the arma- 
toOoW tore A consists of many turns of 

«LC fine wire placed in series with a 

5"“"“ suitable resistance R. The arma- 

[f n ture is carried by an upright 

A f spindle which, at its upper end 

P J I 1 J gears by means of a worm into 

1/ \ ,1 / \ L the very light train of wheels W 

’ “ I which moves the pointers of the 

y — Counter over the dials. The 

t naJ current is carried to the armature 
Ijfie through silver-tipped brushes, 

1 which rest with a very slight 
^ . U pressure on a silver commutator 

p. C of small diameter. The lower 

t'lg. zS 2 of the shaft is provided with 

a removable steel point which rests in a sapphire or diamond 
jewel carried by a spring support in the end of the jewel screw. 
The magnetic brake disc D is made of aluminium and moves 
through the fields of the permanent magnets M. 

To measure consumption of energy in a circuit, the field coils 
F, F are placed in the main circuit in series with the load, and the ar- 
mature together with the series resistance R is connected across 
the supply mains. The driving torque of the motor is proportional 
to the current in the armature and to the field intensity due to F, F. 
The current in the armature is proportional to the voltage V 
applied to the load and the field intensity due to F, F is proportional 
to the current / in the main circuit. Thus the driving torque 
of the motor is proportional to V/. The retarding torque 
due to the magnetic brake is proportional to the angular 

velocity-^ of the disc D. Hence the energy supplied to the 

circuit during a given time is given by 


YlM=Jk 

h 


= 27r — N 


w here N is the number of revolutions made by the armature 
during the time 

E- = KN.: ' \ 

the energy consumed in the circuit in a given time is proportion! 
to the number of revolutions of the armature during that time, 
to the reading on the dials of the Gounter. 
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In order to compensate at small loads for the effects of 
mechanical friction, a held coil F' of fine wire is put in series with 
the armature. ' 

Experment 28-2 

Object. To calibrate a given electrical energy-meter by 
means of a Joule’s calorimeter. 

Apparatus. Energy-meter, Joule’s calorimeter with a bulb, 
voltmeter, ammeter, thermometer and a balance. 

Theory. The energy consumed in an electrical circuit in a 
given time can be measured in the following three ways : — 

(1) By directly noting the change E in the reading ' of the 
energy-meter in B. O. T. units or kilowatt-hours in the time /. 

(2) By determining the current / in amperes flowing through 
the circuit for / seconds and the voltage V in volts applied to the 
circuit. The energy spent is then given by 

El = V/ / Joules 

or Ej = Vf tjy 6 x 10® kilowatt-hours (28*10) 

(3) By determining the heat H produced in the circuit. If 
the whole of the energy spent in the circuit is used to heat a 
calorimeter of water-equivalent W and water of mass M contained in it, 
and the consequent rise in temperature is 0, 

H = (W+M) ^ calories 
and the energy consumed is given by 

Ea = JH- J (W+M) 0 ergs 

or £3= J (W+M) ff/3 *6X10^^ kilowatt-hours (28*11) 

The maff of the two values jB^ and may be taken as the correct 
value of the energy E' consumed in the circuit, 

E' = (Ei+E2)/2 

and then the percentage error in the reading of the energy-meter 
is given by 

■ E-— E^ 

Percentage error==: - — g- — Xioo (28*12) 

Method. Weigh the empty calorimeter with stirrer in a 
physical balance. Fill it 3/4th with water and again w^^eigh it 
thus determining the mass of the water taken in it. Place the 
thermometer and the heating bulb in the calorimeter covering the 
calorimeter with its ebonite lid, and then place the calorimeter in 
its metal container lined with felt. 

Next make electrical connections as shown in the fig. 28*3, 
and note down the initial temperature of water contained in the calori- 
meter correct upto 1/5 °G. - Then switch on the current in the circuit, 
starting simultaneously a stop-watch. Begin counting the number of 
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fotations of the disc of the energy-meter. Keep the water in the 

calorimeter thoroughly stirred and note 
down the readings of the ammeter and 
voltmeter after every two minutes. When 
1 5 minutes have elapsed, switch off the 
current stopping simultaneously the stop- 
■watch. Determine the total number of 
rotations made by the disc of the energy- 
meter, the final temperature of water 
and the time for which the current has 
been passed through the circuit. Allow 
the calorimeter and its contents to cool 
for the same time for which they were 
heated and determine the fall in final 
temperature during this interval. Add 
half of this fall in temperature to the 
final temperature of water to correct it 
for loss of heat by radiation. Next note 
down the number of rotations of the 
disc which correspond to an energy 
Fig. 28*3 consumption of one kilowatt-hour. This 

is usually written on the meter for the given operating voltage. 

Calculate the values of Ex and Eg, the energy consumed in 
che circuit from equations (28*10) and (28*11) and finally calculate 
the percentage error in the reading of the meter from equation 
(28*12). 

Sources of error and precautions, (i) In D. C. circuits 
care should be taken to see that the current enters all instruments by 
the +ve marked terminals. 



(2) The readings of ammeter and voltmeter should be 
recorded after every 2 min. and the mean of these readings, if 
consistent, should represent / and V respectively. 

(3) The water in the calorimeter should be constantly and 
efficiently stirred. 

(4) The temperatures should be measured accurately with 
a thermometer correct upto 1/5 ®C or preferably i/io °C, 

(5) The final temperature of the calorimeter and its contents 
should be corrected for loss of heat by radiation. 


Observations. [A] Mass of calorimeter and stirrer 
Mass of the calorimeter, stirrer and water 
Least count of thermometer 
Initial temperature of water 
Final temperature of water 
Time for which current has been passed / 
Final temperature after cooling the 
calorimeter and its contents for time / 
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[ B] Measurement of v and i 



Time in 

Ammeter 

Voltmeter 

S. No 

min. 

readings 

readings 



amp. 

. volts : ■ 

I* 




1 z. 





[C] Number of rotations of the disc of the meter corresponding 
to a consumption of i kilowatt-hour of energy N= 
Number of rotations of the disc actually observed during 
the expt. in time t «= 

Calculations. (A) Mass of water contained in the calorimetci 

M = gm. 

Sp. heat of the material of calorimeter S (given) == 
Water-equivalent of the calorimeter W’=Mi X S == gm. 

Radiation correction = 

Corrected final temperature = °G 

Rise in temperature ^ = ®C 

Heat produced H= (W+M) = cal 

Energy consumed in the bulb 

E2==JH/3*6x xo’-^ = kilowatt-hours 

[B] Mean ammeter reading / == amp. 

Mean voltmeter reading volts 

Energy spent in the circuit 

Ej =V/ //3*6 xio® — = kilowatt-hours. 

[C] N rotations of the disc at 220 volts correspond to a 

consumption of energy of i K. W. H. 

Since energy consumption is directly proportional to the 
operating voltage, « rotations of the disc at V volts correspond to an 

energy consumption of - H. 

nV 

A Nxlao"? 


kilowatt-hours 




Oral question 

JOULE’S CALORIMETER 

State Joule’s law for heating effects of a current. Why is heat at all produced 
when a current is allov^ed to pass through a conductor ? How does the amount 
of heat developed in a conductor by the passage of the current in it vary with 
(«?) the resistance of the conductor (b) the strength of the current and (c) the time ? 
Explain how you can determine mechanical equivalent of heat by means of a 
Joule’s calorimeter ? Define mechanical equivalent of heat. How is work done 
in this experiment. Describe Joule’s calorimeter. Of what material is the resis- 
tance coil made? What is its approximate resistance? Why is the calorimeter 
placed in a copper vessel silvered on its inner side and lined with felt ? What are 
the sources of error in this experiment ? What precautions do you take to 
eliminate them ? Why should the P. D. across the resistance coil be small ? How 
can you increase the rise in temperature without producing any electrolysis 
Name any liquid of low specific heat. How do you prevent the loss of heat to the 
surroundiogs ? How can loss of heat by radiation be prevented ? What are the 
unavoidable sources of error in this experiment ? 
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29 * 1 . Seebeck Effect. Seebeck discovered in 1826 that, 
if in a circuit formed by joining two dissimilar metals, the two 
junctions are kept at different temperatures, a current flows 
round the circuit. Such currents are termed thermo-electric 
currents and the E, M. F. producing them is called thermo-electric 
force. The energy required to maintain the current is derived 
ftom the surroundings and the 
direction of current in the 
circuit depends upon the 
metals constituting the ther- 
mo-couple. A thermo-couple 
constructed of antimony and 
bismuth is one of the most 
sensitive couples available 
and in this case the direction 
of the current is from anti- 
mony to bismuth through the 
cold junction. In the case of 
copper-iron couple the cur- 
rent flows from copper to iron 
through the hot junction, 
be continually increased, 
maximum value is reached when it begins to decrease. The 
temperature of the hot junction at which maximum current flows is 
constant for a given couple and is kn own as neutral temperature 
for that couple. On further raising the temperature of the hot junction 
the current decreases to zero and is then reversed. The temperature 
at which the current is aero and its direction is reversed depends upon 
the temperature of the cold junction and Is always as much above the 
neutral temperature as the cold junction is below it. This is illustrated 
in fig. 29*1. 

29*a. Peltier Effect. In 1834 Peltier discovered that ^ if 
a current be allowed to pass through a circuit consisting of two dissimilar 
metals, there is either an evolution or absorption of heat at the junctions, 
the junctions are either heated or cooled, the condition whether a 
junction will be heated or cooled being determined by the direction of 
the current. This effect, known as Peltier effect ^ is quite distinct from 
Joule’s heating effect which takes place at all points of the circuit and 
arises from its resistance. Joule’s effect is independent of the direction 
of the current, z,5., it is irreversible, while the Peltier effect is reversible 
for if the current be reversed, the junction which previously evolved 
heat now absorbs it and vice versa^ 


Neutral 

iciTiperafure 

' 6 
s 

j I \^emperaiare 

^inOersion 

X 

Temperatarc of hot janciion 
Fig, 29*1 

If the temperature of the hot junction 
thermo-electric current increases until 
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■ The Peltier effect' arises ■ on account of the ' existence '- "of ' 
ontact potential difference at the junction of two dissimilar nietalsv 
When the current traverses a function, where there is a slight up-gradient 
of potentiai due to contact, the current gains energy. Consequently 
there is an absorption of heat at that junction as a result of which it is 
cooledo On the other hand, if the current traverses a junction in the 
direction of the down-gradient of potential due to contact, work is 
done and the current gives out some energy producing a heating effect 
at the junction, 

29*3, Thomson Effect. In 1856 Thomson showed that 
whenever a current is allowed to pass through an unequally heated 
conductor, /. e,, whose different parts are at different temperatures, 
there is an evolution or absorption of heat in the conductor, the 
condition whether there will be an evolution or absorption of heat 
being determined by the direction of the current. This effect is known 
as Thomson effect and is reversible. In an unequally heated conductor 
different parts are at different potentials and hence there will be a po- 
tential gradient along the conductor. In the case of iron the colder 
parts are at higher potentials, while in the case of copper the hotter 
parts are at higher potentials. When the current flows in the direction 
of up- gradient of potentiai there is an absorption of heat while if it flows 
in the direction of down-gradient of potentiai there is an evolution of 
heat. 

29*4. Measurement of Thermo-electromotive Force. The 
potentiometer method of measuring E. M. Fs, as ordinarily 
employed cannot be used to measure thermo E. M. Fs. on 
account of the very small value of such E. M. Fs. The magnitude 
of the thermo E. M. Fs. is of the order of a few millivolts 

the E. M. F. of a copper-iron couple, when the junctions are 
kept at o^C and ioo®G, is only about o’ooi3 volts. The thermo 
E, M. Fs. can be measured by a suitable modification of 
the ordinary potentiometer method so as to produce a P. D. of 
about a micro-volt across each cm. length of the potentiometer 
wire which is small enough to admit of sufficiently accurate 
measurement. 

Experiment 

Object. To study the variation of thermo E. M. F. of a copper- 
iron circuit with temperature. 

Apparatus. A potentiometer, an accumulator, a standard 
cadmium cell, a resistance box, a high resistance of 15,000 ohms, 
a rheostat, a sensitive galvanometer, two thin glass tubes, two 
small test tubes, iron wire, a two-way key, two single way plug keys, 
connecting wires and heating apparatus. 

Theory. Let a high resistance P. of about 1000 ohms be connec- 
ted in series wdth the potentiometer wire AB (Fig. 29*2) and let the 
combination be connected to an accumulator in series with a rheostat 
. the: emrent d'enteilng ■E.and the potentiomete 
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wke at M and leaving 
da rd ceil S be joined 
to the higher potential 
terminal M of the resis- 
tance R, and the hot ^ 
junction H of the 
copp er - iron thermo- 
conple to the jockey ; 
and let the — vepole of 
the standard cell and t- 
the Cold junction C of 
the thermo-couple be 
connected through a 
two-way key to one 
terminal of the galvano- 
meter, the other ter- 
minal of which is 
joined to the lower 
potential terminal N of , 
the resistance R. Now if 


B. Further, let the -h ve pole of a stan- 

— “A/Vv^ 




M N 

-AVWV-” 

R 


a 


Iron 


□ □' 


Fig. 29*2 


the standard cell circuit be closed by 
means of the two-way key and the rheostat R' so adjusted that there 
is no deflection in the galvanometer, the P. D. across the resistance 
R will be balanced by the E. M. F. of the cell. Hence, if E be the 
E, M. F. of the standard cell, and I the steady current through the 
resistance R or the potentiometer wire, we have 

E=IR (29-i) 

Now let the standard cell circuit be broken and the cold junction 
of the thermo-couple connected to the galvanometer. Thenj 
if P be the position of the null point on the potentiometer wire, 
the thermo E. M, F. of the copper-iron couple is equal to the 
P. D. between A and P. Hence, if e be the thermo-electric E. M. F., 
and r the resistance of the portion of the wire between 
A and P. 


=Ir 


(19*2) 




Dividing equ. (29*2), by equ. (29*1), we get 

e _ r__ ■ 

W 

Let p be the resistance per unit length of the potentiometer wire 
and let I be the length of the wire between A and P. Then as the 
wire is uniform r= a/. Putting this value of rin the above equation 
we get, 

E./ 


R 


K/ 


(29*4) 


where K~ctE/^ 
This equation 


enables us to calculate the thermo E, M. Fs 
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diferent temperature. 


e, if E, 0 and R are known and 
the value of / determined. 

Method. Pass one end 
of the iron wire down a thin glass 
tube G (Fig. 29*3) and join to 
it at J a copper wire AJ. This 
ensures that the wires are in 
contact at the junction only. 
Then to ensure good contact at 
J, place the combination in a test 
tube containing a small amount 
of mercury and dip the junction 
J into the mercury. Next pass 
the other end of the iron wire 
down another thin glass tube 
G and prepare in a similar 
manner another junction J' of 
iron and copper. Place one of 
an oil bath which may be kept at 


Now connect a resistance box R in series with the potentiometer 
at the end A (Fig. 29*4). Then connect the combination to 
an accumulator S' in series with a rheostat R' of high value. 



including a plug key in the circuit, the -f-ve pole of the 
accumulator being joined to the end C of the combination of R 
and the potentiometer. Next connect the +ve pole of the standard 
cadmium ceil S through a high resistance R^ of about 15000 ohms 
to the higher potential terminal C of the resistance box R and 
connect the hot junction of the copper iron thermo-couple to the 
jockey Y. Then connect the — ve pole of the standard cell S and 
ihe cold junction of the thermo-couple through a tw^o-way key K 
to one terminal of the galvanometer, the second terminal of 'which 
is connected to the sliding contact maker X. Finally connect a 
plug key Kg across Ri. 
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Adjust the resistance bos R to about a thousand ohms, 
prefetably to 1018*3 ohms. Shunt the galvanometer and place the 
slidiing contact maker X at the end A of the last coil of the 
potentiometer. Close Kj and with K2 open, connect the — ^ve pole 
of the s tandard ceil by means of the two-way key to the galvanometer. 
Adjust the rheostat R' until there is practically no deflection 
in the gahanometer. Then remove the shunt from the galvanometer 
and closing K2 adjust the rheostat R' Anally until there is no 
deflection in the galvanometer. This exactly balances the P. D. 
across R. by the E. M. F, of the standard ceil 

Next open shunt the galvanometer again and connect the 
cold junction of the thermo-couple by means of the two-way key 
K to the galvanometer. Then find by trial by placing the sliding 
contact maker X on various studs corresponding to the different coils 
and pressing the jockey over the stretched wire, an approximate 
posiition of the null point on the wire. Now remove the shunt 
from the galvanometer and determine the exact position of the 
null point on the potentiometer wire. Note down the number 
of coils and the length of the potentiometer wire between the 
sliding contact maker X and the jockey Y and find the equivalent 
length I of the potentiometer wire corresponding to the thermo-electric 
E, M. F, of the copper-iron couple. Then calculate the value 
of thermo E. M, F. from equation (29*4), taking the value of cr as 
given. 

Heat the oil containing the hot junction to a high temperature 
and then allow it to cool. As it cools measure the thermo E. M, F. 
after an interval of temperature of about 5 °C until the tem- 
perature of the hot junction has fallen to about 5o°G. Plot a graph 
taking temperatures along X—axis and the corresponding thermo 
E. M. Fs. along the Y—axis. The graph will form part of a parabola 
shown in fig. 29*1 and will give the variation of thermo E. M. F. with 
temperature. 

Sources of error and precautions. (i) The ends of 
the connecting wires should be clean and the connections should 
he firmly made. As the thermo E. M. F. to be measured is small, 
bad contacts will lead to troublesome difficulties. 

(z) The accumulator should be fully charged and its E. M. F. 
should remain constant while observations are being made. 

(3) A key should be included in the main circuit of the poten- 
tiometer which should be closed only when observations are to be 
made. V 

(4) The P. D. between the ends of the stretched wire of the 
potentiometer should not be greater than a millivolt otherwise the 
length / of the potentiometer wire corresponding to the thermo 
E. M. F. of the copper-iron couple will be very small and 
the value of / cannot be measured sufficiently accurately. Accord- 
ingiy the high resistance R and the rheostat R' should each be 
about a thousand ohms. - If the stretched wire of the potentiometer 
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h of exactly one ohm and there are looo divisions on the measuring 
scale, then with R= 1018*3 ohms, the potential difference across 
each division will be exactly equal to i microvolt and the calculations 
will then be also simplified. 

(5) To protect the standard cell a high resistance of about 
15000 ohms should be connected in series with it. This will 
prevent large currents from being taken from the cell. This resistance 
should be removed from the cell circuit when its E. M. F, 
has been nearly balanced> so that the final adjustment of the 
rheostat R' may, be made more accurately. Note that this resistance 
does not affect in any Way the position of balance. 

(6) While balancing the P. D. across the resistance R by the 
E. M. F. of the standard cell, the sliding contact maker X must 
lie at the end A of the last coil of the potentiometer. 

(7) In the thermo-couple the wires of the tw'o metals should 
be in contact at the junctions only and there should be good 
contact at the junctions. To ensure this, the junctions should be 
made especially in the manner described under method. 

(8) The copper wires connecting the cold and hot junctions 
of the thermo-couple to the two-way key and the jockey should be 
long enough to ensure that their junctions with the key and the 
jockey do not differ appreciably in temperature. 

(9) The galvanometer should be a very sensitive one. A shunt 
should be connected across it to avoid damage to the instrument 
by excessive deflections in it during determination of the 
approximate position of the null point. The exact position of the 
null point should be determined with full galvanometer sensitivity 
by removing the shunt from it. 

(10) The contact between the jockey and the wire should 
always be momentary. The contact between the jockey and the 
wire should not be made while the former is being moved along. 

Observations. 


(/) Room temp. = ®C 

(/i) E. M. F. of the standard cell = volts. 

(///) High resistance R == ^ ohms 

(ip) Resistance per unit length a of the potentiometer wire=ohms 

S-No. 

Temperature 
of hot ; 
junction in 

1 Length of potentiometer wire corresponding 
to the thermo E. M. F. 

Thermo 

E. M. F. 

microvolts 

! 

No. of coils 

i 

Length of 
stretched wire 
div. 

Equivalent 

length 

i 

div . 

1, 

2. 

■ 3 - 



i ' 



i 


620 


A TEXT-BOOK OB PRACTICAL PHTSIGS. 


Calculations. K =o’E/R 

5= microvolts /div. 

I reading e =K/j 

= microvolts 

[Make similar calculations for other readings]. 

Result. The graph between thermo E. M. F. and temperature 
for copper-iron couple is a parabola as shown in fig....... 

Criticism of the method. The method yields sufficiently 
accurate result. The accuracy of the result depends upon the 
constancy of the E. M. F. of the accumulator maintaining a steady 
current through the potentiometer wire, the uniformity of the wire 
and the accuracy of knowledge about the value of E. M. F. of the 
standard cell at the time of experiment and the resistance per unit 
length of the wire. For very accurate results, the thermo E. M. F. 
should be measured with a Crompton potentiometer. 

Exercise. To determine the melting point of paraffin wax by measuring 
thermo E, M. Fs. of copper-iron circuit. 

Place one junction of copper-iron couple in melting ice and 
the other in boiling water. Determine the thermo E. M. F. 
of the circuit by means of the potentiometer and note down the 
temperature of boiling water. Allow the water to cool and 
determine the thermo E. M. Fs. after an interval of tempera- 
ture of about 5®C until the temperature of the junction has 
fallen to about 30®C noting down che temperature of the hot 
junction at which the thermo E. M. F. Is measured. Then place 
the hot junction in melting paraffin wax and when the wax 
solidifies, measure th.,* thermo E. M. F. of the circuit. Next 
plot a graph taking the temperatures of the hot junction as abscissae 
and the corresponding thermo E. M. Fs, expressed in micro- 
volts as ordinates. The thermo-electric curve so obtained will be 
a small portion of a parabola (Fig. 29*1). From the curve find out 
the temperature corresponding to the thermo E. M. F. when 
the hot junction was placed in melting wax. This will be the 
melting point of wax. 

Oral questiotis 

What is a thermo-electric effect ? Who discovered it ? What is Seebeck 
effect? Where from does the energy come to maintain thermo-electric current? 
On what does the direction of thermo-electric current depend ? What is the 
direction of current in the case of (tf) antimony bismuth couple and {b) a copper- 
iron couple? What happens to the current when the temperature of the hot 
junction is continuously increased ? What is neutral temperature ? What is 
thermo-electric inversion ? What is Peltier effect? How does it differ from 
Joule*8 heating effect ? What determines whether there would be the evolutior 
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o£ heat or its absorption at a junction ? What .is contact potential ? How , do 
you explain Peltier effect ? What is Thomson effect? How does It differ from 
Peltier effect ? How do you explain Thomson effect by the existence of a poteo- 
tial gradient along an unequally heated conductor ? 

What is thermo E. M. F. ? How do you measure k ? Why' does 
the potentiometer method of measuring E. M. Fs, ordinarily employed ^cannot be 
used to measure thermo E. M. F, What Is the order of ' magnitude of 'a 
thermo E. F. ? What is the actual magnitude in the case of a copper- 
iron : couple, when the junctions are, at o®C and ioo®C ? ■: Describe^ the method ^ of 
measuring thermo E. M. P. with a potentiometer. What is the function 
of the high resistance connected in series with the potentiometer wire ? What 
should be its approximate value and why ? Why do you require a potential 
gradient of about a micro- volt per div. in this case ? What precaution ^ do you 
take in this experiment ? Why has a high resistance been connected in series 
with the standard cell ? Why should it be removed from the standard cell circuit 
when the E. M. F. of the cell nearly balances the P, D. across the high resistance ? 
How do you prepare the thermo-couple ? ^ How do you ensure good contact at the 
junctions only ? Which of the two junctions hot or cold you will connect to the 
jockey and why ? Discuss the accuracy of result obtainable by this methoch 
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^ MEASUREMENT OF CAPACITANCE 

30*1. Capacitance of a conductor and its unit« When 
an insulated conductor is charged with a certain quantity of 
electricity the potential of the conductor is raised, but the 
extent to which the potential is raised depends not only upon the 
magnitude of the charge but also upon the size of the conductor 
and the nature of its surroundings. If these conditions remain 
unchanged the potential acquired by the conductor is directly 
proportional to the quantity of charge given to it. Similarly 
the charge given to a conductor of given size is proportional to the 
potential acquired by it. Thus we may write 

Q=CV 

where Q is the charge given to the conductor, V its potential^ and 
C is a constant for the conductor under the specified conditions. 
From the above expression it is evident that the greater the value 
of C greater will be the charge required to produce a given 
potential. For this reason the factor C is called electrical capacity 
or capacitance of the conductor. The capacitance of a conductor is 
measured hy the ratio of the charge given to the conductor to the potential which 
that charge produces^ or alternately by the quantity of charge necessary to 
change the potential of the conductor by one unit. 

The capacitance of a conductor depends upon its size, being greater 
the greater the size. Further if a conductor carrying a charge 
Q is immersed in a medium of dielectric constant K, its 
potential will be i/K of its value in air and hence to bring it 
to the same potential, the charge on the conductor must be made 
K Q. This shows that the capacitance of the conductor has now 
become K times its value in air. Thus the capacitance of a con- 
ductor depends on the dielectric medium, being greater the greater 
the value of K. The capacitance of a conductor is also affected 
by neighbouring conductors as dealt with in § 30*2. 

Now when Q= I and V=i, C is also equal to unity. This 
gives us the definition of unit of capacitance. A conductor has a 
capacitance of one absolute C. G. S, electrostatic unit if one e. s. 
unit of charge raises its potential by one e. s. unit. Similarly a 
conductor has a capacitance of one absolute or C, G. S. electro-magnetic 
unit if one e. m. unit of charge raises its potential by one 
e. m. unit. The practical unit of capacitance is called the 
farad (named after feraday) and it is the capacitance of a body whose 
potential is raised one volt by a charge of one coulomb. For practieal 
purposes farad is a very large unit, and hence a submultiple of it, called 
the microfarad ^ / which is ^ one-millionth of the farad is often 
employed. A still smaller unit called the micro-micro farad icp.f 
which is one-miilionth of a microfarad, is also used. 
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oae e. m. unit of capacitance =9 X 10^® e. s. units 
one farad /= 10"** e. m, units =9X10^^ e. s. units 
:: " ' one microfarad f{,/=io"® farads=io"^® e. m. units=9X io*® e. s. 
units 

one micro-microfarad e* m. 

■ : units=o’9 e. s. unit. ' ' . ■ . 

.30*2., Principle' of a Condenser. Let 2. metal plate 
A be connected to positive pole of a battery [%. 30*1 (^)] and 
let it acquire the potential of the pole of the battery. Then the 
plate will be fully charged and no more charge can be accumulated 
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Fig. 30*1 

on it. Now let a second insulated plate B be brought near to 
A [fig. 30*1 (^)], It will be charged by induction, the — ve charge 
being induced on the near side of B and the +ve charge on its 
further side. The — ve charge on B will tend to lower the potential 
of A while the -f-ve cahrge on B will tend to raise the poten- 
tial A, and since the — ve charge Is nearer to A its effect on the 
potential of A will be greater than that of *-rve charge even 

though they are equal in amount. The result is that the potential 

of A is lowered a little and more charge flows from the battery to 
A in order to raise its potential to its original value, i.e,, the 

capacitance of A increases. 

Now let the plate B be earthed [fig. 30*1 (r)]. Its -|-ve charge 
will go to earth and the remaining — ve charge will slightly increase 
as the nearby +ve charge which tended to decrease it has been 
removed. This increased — ve charge on B lowers the potential 

of A considerably so that still more charge can be accumulated on it 
in order to bring its potential to its original value, the capacitance 
of A has further increased. Thus the capacitance of a charged conductor 
increases when an insulated conductor is brought near it and more so 
when the latter is earthed. Such an arrangement of increasing the 
capacitance of a conductor is calied a condenser. It consists of two 
Conductors separated by an insulated substance. The conductors 
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are called the coatings and the insulating medium between them the 
dielectric of the condenser. 

In laboratories the condenser is usually charged by connecting 
one coating A to the positive pole and the other coating B to the 
negative pole of a battery. The coating A takes the positive 
potential of the positive pole and a big positive charge accumulates 
on it and the other coating B takes the negative potential of the negative 
pole of the battery and a big negative charge accumulates on it. 
The action of the condenser is, however, the same as above. 

30*3. Capacitance of a condenser. The capacitance of a 
condenser is measured hy the quantity of electricity which must be given to 
the condenser to establish unit potential difference between the coatings. If 
one coating be earthed, the capacitance of the condenser is equal 
to the quantity of electricity required to raise the other coating 
to unit potential. The capacitance of a condenser is measured in 
the same units as the capacitance of a conductor. While defining 
these units phrase '^potential difference between the coatings of 
the condenser” is now substituted in place of ^'potential of the 
conductor.” Thus farad is the capacitance of a condenser which 
requires one coulomb of electricity to establish a potential 
difference of one volt between its coatings. 

The capacitance of a condenser depends upon three factors : — 

(a) The size of the coatings. The capacitance of a condenser 
is directly proportional to the size of coatings-— the greater the size 
the greater the capacitance. 

(b) The distance between the coatings. The capacitance of a 
condenser is inversely proportional to the distance between the 
coatings — the greater the distance the less the capacitance, 

(c) The dielectric medium between the coatings. The capacitance 
of a condenser is directly proportional to the dielectric constant 
or permit! vity K of the dielectric medium between its coatings — 
the greater the dielectric constant K, the greater the capacitance. 
The dielectric constant K is sometimes known as the specific inductive 
capacity of the medium. 

Below are given the values of capacitance of a few types of con- 
denser 

(i) Spherical condenser. Inner sphere of radius insulated 

■ ah 

and outer sphere of radius ^ earthed. ^ yZTa 

(ii) Spherical condenser. Inner sphere of radius a earthed 
and outer sphere of radius insulated 

(iii) Parallel plate condenser. Area of each plate A and 

distance between the plates / ^ 
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(iv) Cyilodrical condenser. Length 4 tadii of inner and 

outer suriaces a and ^ respectively' ■ — —7 

2*3026x2 logic Wtf) 

Experiment 30.1 

Object, To compare the capacitances of two condensers 
by means of a ballistic galvanometer. 

^ Two condensers whose capacitances are to be 

compared, a ballistic galvanometer, an accumulator, a rheostat, a Morse 
key, a two-way key, a tapping key and connecting wires. 

Theory, Let the two condensers of capacitances Q and Cg 
respectively be charged to the same potential difference V between 
the coatings, then, if and Q2 be the respective charges on the 
coatings of the two condensers, we have. 

Qi=VQ and Q2-VQ 

or Qi/Qa=Q/C2 (30-1) 

Now let the condensers be discharged separately through a 
ballistic galvanometer and let and be the values of the first 
throw of the galvanometer in the two cases corresponding to 
movement of the spot of light through d-^ and cm. Then, we have 

Qi=KI ^1 (i-hA/a) and Q2=K. i 9 g (i-f-A/a) 
or Qi/Q2~^i/^^2 

where A is the logarithmic decrement. 

But 

tan 2^2 4 

or if throws are small 

and hence Qi/Q2=ffi/^2=^i/4 
Comparing with equ. (14*1), we get 

(so- 3) 

Alternatively , a graph may be plotted taking d^ along X-axis 

and d-j^ along Y-axis. This 
V will come out to be a straight 

line as shown in (fig. 30' z) and 
its slope PR/QR will give the 
^ i cf] ratio Ci/Cg of the two capacit- 

•p/ j ances. 

, Morse key. Morse key 

d. ^ « JR makes a good charge and dis- 

f 7 charge key and at the 

■' y i ' — - — — - — — ^ — X same, time does' , not' vper- 

mit the condenser to be 

Fig. 30*2 


Length 


outer surfaces a and if respectively 


of two condensers 
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insulated from the circuit. It consists of a stiff metal lever AK, 
one end A of 
which is held by 
a spring in contact 
with a metal 
stud connected 
with 'a\ When 
the other end K 
of the lever is j 
depressed, the 
contact of A with “■ 
the stud below it 
is broken and the 

contact is made between K and the other stud connected with h. When 
the lever is released the spring breaks contact at h and restores at i?. 
If the condenser is connected to the fulcrum L and the galvanometer 
and the battery at a and h respectively, then, when K is depressed the 
condenser-battery circuit is completed and the condenser is charged, 
and when K is released the condenser-battery circuit is broken while 
the condenser-galvanometer circuit is made and the condenser is 
discharged through the galvanometer. _ 

Method* Level the base of the galvanometer by means of 
the levelling screws and release its coil. Throw light on the mirror 
of the galvanometer and get the spot of reflected light on the 
scale. Next make connections as shown in fig. 3o*4, Adjust the 
sliding contact O. of the rheostat XY to get a suitable voltage 
between XO. Adjust the position of spot of light on the 
scale at zero. Connect P to M. This connects the condenser Cj 
to the galvanometer. Depress the end K of the lever of the Morse key, 
the condenser-battery circuit is completed and the condenser is 

charged by the battery 
Note that while the, 
condenser is being 
charged, one terminal 
of the galvanometer is 
kept insulated from it 
and hence the charge 
does not pass through 
the galvanometer; 
When the condenser 

has been charged for 
about 20 seconds, 

release the lever of the 
Morse key. The con- 
Fig. 30 *4 denser-battery circuit 

win be opened while 

the condenser galvanometer circuit will be closed. The condenser 

will be discharged and a quantity of electricity equal to the charge 

one of its coatings will pass through the galvanometer. down 
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the movement of the spot ofUght on the scale corresponding to the 
first throw of the galvanometer. 

Bring the galvanometer coil to rest by tapping the key K. When 
the spot of light on the scale is stationary substitute the second 
condenser for the first by connecting P to N and determine the 
movement of spot of light corresponding to the first throw of the 
galvanometer as above by first charging the condenser for about 
20 seconds and then discharging it through the galvanometer. 
The ratio of the two throws gives the ratio of the capacitances 
of the two condensers. Repeat the experiment at least six times 
by applying different voltages to the condensers with the help of 
the rheostat XY and determine the mean ratio of the capacitances 
of the two condensers. 

Finally plot a graph taking along X-axis and the corresponding 
values of along Y-axis. This will come out to be a straight line as 
shown in %. 30*2. Measure its slope PR/QR which will give Ci/Cg. 

Sources of error and precautions. (i) The base of 

the galvanometer should be carefully levelled by means of the 

levelling screws and the coil should be undamped. This ensures 
the free movement of the galvanomoter coil in the space between 
the magnet and the soft iron piece. 

(2) A tapping key should be connected across the galvano- 

meter coil in order to bring the coil to rest in a short time by 
damping its motion by tapping the key. When the key is tapped 
induced currents are produced in the coil due to its movement in 
the magnetic field. A force exists between these currents and the 

magnetic field, which is always in the direction opposing the 

motion of the coil. 

(3) A Morse key should be used in charging and discharging 
the condensers in order to avoid the risk of connecting the battery 
and the galvanometer directly. The use of two separate tapping 
keys is dangerous for they are liable to be pressed down 
simultaneously and thus connect the battery to the galvanometer, 

(4) The E. M, F. of the battery used for charging the two 
condensers should be constant. An accumulator may be used for the 
purpose for its E. M. F. remains sensibly constant. If with 
the accumulator the throws of the galvanometer are very large, 
a fraction of E may be used by potentiometer arrangement. 

(5) In absorptive condensers the charging current dies away 
gradually over a long period of time after the condenser has 
acquired the applied potential difference, and the electricity continues 
to flow into the condenser for some time after the charge necessary 
to produce the required potential difference has been taken up. In 
such condensers, therefore, on account of electric absorption the capaci- 
tance is rather indefinite and depends upon the time of charging. The 
shorter the charging time, the nearer the measured capacity approaches 
its true value, provided of course the time is long enough to charge the 
condenser to the potential difference applied. Thus the condensets 
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Should be charged for short intervals only, especially if the dielectric be 
oil or paraffined paper, and their charging time should be nearly equal. 

(6) The graph between and will come out to be a straight 
line and it should be smoothly drawn. 

Observations 

Rest position of spot of iight=2ero 

Deflection iii ; DScSion <1/2 

So. No. I corresponding to i corresponding to 

throw I throw 

i mm. I mm. 


5 


Mean 




Calculations, i set. J - .4 

■ C-.j> ■ 

(Make similar calculations for other sets). 

Mean value of C^jC^ ^ 

From graph (30*2) PR = , QR== 

PR^ 

Cg QR^ 

Result, The capacitances of the two condensers are in the 
ratio of 

Criticism of the method. Since the ratio of capacitances 
is equal to the ratio of first throws of the galvanometer, quite 
accurate results can be obtained by this method by using a 
sensitive galvanometer. When the deflections, however, arc large 
the approximate formula (50*3) will not hold good and then the 
exact equation should be used for cakuiating the ratio 

of the capacitances. The values of 0 i and ^3 can be easily 
obtained from the relationships tan 2 ^x=^x/^ tan i 0 ^-=d^jL, 
where L is the distance of the scale from the mirror. For more 
accurate results, methods which depend upon adjusting for no 
deflection of the galvanometer should be used. 
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Exercise I. To compare the E. M. Fs, of imo cells bj means 
of a- ballistic galvanometer. “ 

Take a standard condenser. First charge it fuilj with the ceil 

of lower E. M. F., and then 
discharge it through the 
baliistic galvanometer noting 
down the first throw of the 
galvanometer (Fig. 30*5). Next 
charge the condenser fully with 
the cell of higher E. M. F. Eg 
and then discharge it through 
the galvanometer noting down 
the first throw B^ of the galva- 
nometer. Then the ratio of the 
E. M. Fs. of the two cells is 
given by 

^1/^2™ ^1/^2 

It is advisable to obtain the 
throw with the cell of lower 
E. M. F. first otherwise if the condenser is not ^ dielectric loss-free, the 
residual charge left over after experimenting with the ceil of 
higher E. M. F. may appreciably affect the throw with the cell of 
lower E. M. F. This method of comparing E. M. Fs. is absolutely 
free from errors due to polarisation. Its only disadvantage is that 
it is not a null method and hence its possible accuracy is less than that 
obtainable with a potentiometer. 

Exercise 2. To determine the internal re si stance of a cell by 
means of a ballistic galvanometer . 

Connect a standard condenser through a tapping key to the 
ceil of E. M. F. E in series with a ballistic galvanometer, as shown 
in fig. 50*6. Place a resistance box across the ceil. Remove the 
infinity plug of the resistance box. Tap the key and observe the 
first throw the galvanometer due to the charging of the 

Condenser. Then E oG Next in- 
sert the infinity plug in the resistance 
box and remove plug of resistance 
R equal to 2 or 3 ohms. Tap 
the key and again note the first 
throw ^2 of the galvanometer due 
to charging of the condenser to the 
P. D., V between the poles of the 
cell. Then V oc Ig. Flence 

■ ' ■ ' 

But from equation (26’36) 

'"'Y^ER/CR+r) 




Fig. 30*5 
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Thus 


whence 


E_ R+r ^ 

V" R e. 


r= 




Note that by closing the key K, the closing of the cell circuit and the 

charging of the condenser is affected sitnultancoulsy. Consequently, 
the throw of the galvanometer corresponding to V can be obtained 
at the instant the circuit is completed through the resistance R, 
before the cell gets time to polarise. This method is especialiy 
suited to cells which polarise quickly. 


Experiment 30.2 


Object. To determine the ballistic constant K of moving coil 
ballistic galvanometer with a standard condenser of known 
capacitance. 

Apparatus. The moving coil ballistic galvanometer of 
suspended type, a capacity box, an accumulator, a voltmeter, a 
Morse key and a tapping key. 

Tbeory. Let a standard condenser of known capacitance C 
be charged fully to a known potential difference E and let it be 
then discharged through the ballistic galvanometer whose constant 
K is to be determined. Then, if be the first observed throw of 
the galvanometer, the charge passing through it is given by 

Q=CE==Oi(i+A/2) 


whence 


CE 

^1 


(3P‘4) 


where A is the logarithmic decrement of the circuit and can be 
obtained from the expression 



1 

lo 


X 2-3026 iogio 


il. 

hi 


where stands for the /i?th throw of the galvanometer. 


Method. Level the base of the galvanometer by means of 
the levelling screws and release its coil. Set up a scale in front of the 
galvanometer distant one metre from it. Throw light on the mirror of 
the galvanometer and get a bright spot of reflected light on the 
scale. Adjust the spot of light on the scale at zero. Connect one 
terminal of the capacity box through a Morse key to one terminal of 
an accumulator and one terminal of the galvanometer. Connect the 
second terminal of the capacity box directly to the second terminal of 
the accumulator and the galvanometer as shown in fig. 30-7. Connect 
a tapping key across the galvanometer. 

Adjust the capacity box to a sultahk capacitance. Press the 
knob K. The cell circuit will be closed and the condenser will be 
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charged. Daring the ^ charging of the condenser’ one terminal of the 
galvanometer remains insulated from the condenser and hence the 
charge docs not pass through it. When the condenser has been charged 
for ■ about 20 sec.;, release K ; the ceil circuit will be broken while that 
of the galvanometer closed. The condenser will discharge through 
the galvanometer. Note down the deflcctioti of spot of light on the 
scale corresponding to first and the eleventh throws of the galvano- 
meter, Measure the E. M., 
F, of the accumulator with 
a voltmeter. Calculate the 
constant K of the galvano- 
meter from equation (30*4). 
If even with the least, 
capacitance available , in the 
capacity box, the spot of 
light goes off the scale, 
the condenser shall be 
charged with a fraction of 
E. M. F. of the ceil by the 
potential divider arrange- 
ment as depicted in fig. 30*4. 
Repeat the experiment several times with different values of C and 
find the mean value of K. 

Sources of : error and precautions, '.(i)' The base ■ of the galva- 
nometer should be carefully levelled by means of the levelling screws 
and its coll undamped before taking any observations with it. 

(2) A tapping key should be connected across the galvano- 
me,tcr. ' ^'■ 

(3) A Morse key should be used in charging and discharging 
the condenser. 

(4) The E. M. F. of the cell used to charge the con- 
denser should be constant. An accumulator may be used for tbe 
purpose. 

(5) The capacitance of the condensers chosen should be of such 
a magnitude as to give suitable throw of light-spot on the scale. In case 
this is not possible and the spot of light moves off the scale, the 
potential divider arrangement as depicted in fig. 30*4 should be 
used to charge the condenser by a fraction of the E. M. F. of the 
cell 

(6) The condensers used in the experiment must be dielectric 
loss-free and their capacitances must be accurately known. They 
should be charged only for a short time which should be less than 
the period of the galvanometer but sufficient to charge the condensers 
to the potential difference applied. 

(7) The observations for logarithmic decrement should be 
taken with the gaivanometer circuit closed, for the damping on 
open circuit is less than that on closed circuit. 
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Observations* Determination of and A 


Rest position of spot of iight— zero 



1 ■ ' ' M 

1 Capa- ' 


Deflection of spot of light 




! citance ■ 


corresponding to throws 


,.K. 

S. No. 

1 C : M 

P. D. across 

of galvanometer 

A 

Con- 


: ' 

the condenser 

E in volts 




lomb 
per mm ' ; 


i ' . 

01 

011 




■' I. 

2 . 



■ 


1 


3- 

: ' 'I 

; 1 


i ■ ' 




Mean 



Calculations. Set I. A= “—X 2*3026 logio x — 

^11 


^1 (1+A/2) 

(N. jB, Make similar calculations for other sets). 

Result. The constant K of the ballistic galvanometer 

= coulombs/mm. 

Criticism of the method. The method gives a fairly 
satisfactory value of K. If the deflection di of the spot of reflected 
light on the scale is large, then instead of taking 0 ^ equal to di, its 
value should be calculated from the expression tm 20 i—dlh, 
where L is the distance of the scale from the mirror. The accuracy 
of result is affected by the dielectric loss and the inaccuracy in the 
knowledge of true value of the capacitance of the condensers. The 
value of K depends upon the nature of the working conditions and 
upon the distance of the scale from the mirror if^jis takrn to be 
equal to ^1. Hence while experimenting with a ballistic galvanometer 
either K is eliminated from the formula used to determine the unknown 
quantity or it is evaluated in the course of the work, 

Experment 

Object. To compare the capacitances of two condensers by 
de Sautfs method. 
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Two condensers, two high-resistance boxes, a 
battery of accumulators of e. m. £, 6 to 9 volts, Morse key, a high 
resistance galvanometer and connecting wires. 

Theory, As depicted in fig. 30*8, the two condensers whose 
capacitances and are to be compared form the two adjacent arms 
AB and AD of a Wheatstone bridge. The remaining two arms BC 

and CD of the bridge consist of 
nofMnductm high resistances r and 
r* respectively. A high-resistance 
galvanometer G is inserted between 
B and D; and a battery of rather high 
E. M. F., E is connected between 
A and C through a Morse key K. 

When the knob a of the key 
K is pressed, it makes contact at h 
and the condensers are charged. 
When the knob a is released, contact 
is made at d and the condensers dis- 
charge. The values of the resistances 
r and r' arc so adjusted that the 
galvanometer coil remains mdeflected 
whether the key K is pressed or 
released. Then obviously the points B 
and D remain at the same potential 
during charging as well as discharg- 
Fig. 30*8 ing of the condensers. 

Let at any instant /, reckoned from the instant the key K is de- 
pressed, the charge on the condenser c is q and that on is q\ Then 
fronx the_theory of . charging of a condenser with a resistance in series, 
we have 

and 

w^here q^ and qj are the charges on the two condensers respectively 
when they fully charged. 

Now let V and V' be the P. Ds. across the condensers c and c' res- 
pectively at the instant /. Then obviously 




and 



r' 


But, if B and D are to be at the same potential at any instant / during 
the charging of the condensers, 

,V=V' 







or' 
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Now the E. M. F. of the batterjr. Hence the above 

equation gives 

a" 


ij., m time-constants for the two condenser-circuits are equal when the bridge 
is balanced. 

The same condition for the balancing of the bridge would also 
result if the process of discharging of the two condensers is considered 
Thus, if the galvanometer-coil remains stationary during both 
charging and discharging of the two condensers, equ. (30* 5) gives 



This equation can be used to compare the two capacitances. 

Alternatively, a graph maybe 
plotted between the various values of | 

r* taken along the X-axis and the | 

corresponding values of r' taken ^ 
along the Y-axis. Then the slope of 
the straight line thus obtained will 
give the ratio C\ C' of the two capa- 
citances. 

Method. Level the base of the 
high-resistance galvanometer by f 

means of the levelling screws and 
unclamp its coil. Throw light on the I' 
mirror of the galvanometer and get a , 
bright spot of reflected light on the I 
scale. Form a Wheatstone bridge 
as shown in fig. 30*8 by connecting ^ 
the two given condensers c and c' 
between A and B, and A and D 3^*9 

respectively and two high-resistance boxes, one between B and C 
and another between C and D. Next connect the galvanometer 
between B and D and a battery of 6-9 volts between A and C through 
a Morse key K as shown. 

Adjust the resistance box in BC to a suitable value r, say 10,000 
ohms and the resistance box in CD to the same order r' , Depress the 
knob a of the key K, when the condensers will be charged and, in ge- 
nera], a throw will be produced in the galvanometer and hence the 
spot of light will move on the scale. Release the key K when the con- 
densers will get discharged and there will again be a movement of the 
spot of light on the scale. 

Now keeping adjust the value of r' such that there is no 

throw in the galvanometer, /.(?., the spot of light remains staimary on 
the scale, whether the key K is pressed or released, when the conden- 
sers are charged or discharged. To effect this adjustment of r\ first give 
r" some value and observe the direction of movement of the spot of 
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light on the scale during charging of the two condensers. Then give 
r' the maximum value available in the resistance box and again observe 
the direction of movement of the spot of light on the scale during 
charging of the condensers, when it will be found to be opposite to 
that in the previous case. Gradually narrow down the gap between 
these two values of r* until a value of r' is found out with which the 
bridge is balanced. In the initial stages it may be found convenient 
to alter f' in steps of looo ohms, then loo ohms and finally, 
if necessary, in steps of lo ohms. 

Note down the values of r and r* when the bridge is balanced znd 
calculate the ratio eje^ from cqu. (50' 6). Repeat the above steps by 
altering the value of r and find the mean value of eje* after calculating 
its Y^uc S0paratelj£tom each set of observations. Finally plot a graph 
between r and r\ taking r along the X-axis and r' along the Y-axis. The 
graph will come out to be a straight line as shown in fig. 30*9. Find 
the slope PR/QR of this line which will give c\c\ 

Sources of error and precautions, (i) The base of the gal- 
vanometer should be carefully levelled and its coil should be undamped 
before use. 

(2) The galvanometer should be of high resistance. 

(3) The resistances r and r' should be non-inductive and should 
have a value of the order of 10,000 ohms. Sufficiently high values 
of r and r’ may be obtained by using a P. O. box for each. 

(4) For sufficient sensitiveness of the bridge, the battery 
should be of rather high E.M.F., 6-9 volts but need not be of large 
capacity. 

(5) The graph between r and r' should be a straight line and 
should be smoothly drawn. 

Observations. 


r 

r' 

Direction of 


Point on 


Set No. 


movement of 


graph 

r/r 

ohms 

ohms 

spot of light 

for balance 



9000 

Left 




1 10,000 

9100 

No def- 

9100 

A 

i . 


9200 

lection Right 




i 

1 


fi 



Calculations. Set L 
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(N, 13 . — Make siaiiiar caiGuiations for other sets), 
ftoin graph (30*9) 

PR = and QR = ' 

■ c PR ^ ; 

' , , C“^QR I 

Eesuit. The ratio of the capacitances of the given two condensers 

(i) from calculations ~ 

(ii) from graph =* 

Cdticism of the Method. This is a simple method of com- 
paring two capacitances. It is a null method and gives the best results 
when the resistances r and r' are considerable and the condensers have 
large capacitances and are dielectric loss-free. But the sensitiveness 

is not great for the quantity of charge which flows through the gal- *> 
vanometer, is only a small part of the difference of charges on the con- 
densers which themselves are smalL Consequently the deflection 
of the galvanometer is very small and the adjustment of the resistances | 

r and r' can be varied usually over a wide range, without causing any ; 

appreciable change in the deflection of the galvanometet. j 

The experiment can also be performed by using an A. C. source ' 
such as an and io-frequency oscillator, instead of the battery and some 
A, C. detector, e,g. head-phones, in place of the galvanometer. In such 
a case the resistances r and r' are so adjusted that there is perfect 
silence in the head-phones. 

30*4. Combination of Condensers, (i) Law of capacitance ^ 
in parallel. When the condensers are so arranged that theii 
similarly charged coatings are a — — - — 

connected together (Fig. 30*10), 
they are said to have been A 
connected in parallel ; and the ) HCi 
total capacitance of the system j 

of condensers arranged in “ 
parallel is equal to the sum of Fig. 30*10 

the individual capacitances. Thus mathematically 
Ct-Q-fC2......Cn 

^r C(-=]SCj;i ' ■ 

[t is evident from above that the capacitance increases when 
condensers are connected in parallel. 

(2) Law of capacitances in series. When the condensers are so 

arranged that one coating of one 
condenser is connected to the t 
oppositely charged coating of the 
other and so on (Fig. 30*11), they are v; 
said to have been connected in series 
and the reciprocal of the total^ ^ 
capacitance of the system of conden- ^; 
sers arranged in scries is equal to the 
Fig. 30*11 sum of the reciprocals of the indivi- 

dual capacitances. Thus mathematically 
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-i 1-L JL I , JL 

Q ^2 ^8 


It is evident from above that the capacitance is decreased by 
connecting condensers in series. In a series arrangement note also 
that the total capacitance is less than the least of the individual 
capacitances. 

30’5. The Dielectric Constant or Permitivity. We 
have stated in § 30*3 that the capacitance of a condenser increases 
K times when the space between its coatings is filled with a 
medium of dielectric constant K instead of air. Hence the dielectric 
constant K of any substance can he measured by the ratio of the capacitance of 
a condenser with that substance filling the space between its coatings to the 
capacitance of the same condenser with air in the space between the coatings. 
The dielectric constant for air is equal to unity for most practical 
purposes. When a dielectric is traversed by lines of force, there 
is a mechanical strain in it. When this strain exceeds a certain 
limit depending upon the nature of the dielectric, a spark passes 
across it and the dielectric is punctured. Hence while selecting a 
substance for the dielectric of a condenser, Twe must consider not 
only its cost and value of dielectric constant but also its dielectric 
strength, its ability to stand the application of high potential 
differences without being punctured. See the break down 
potential difference is approximately proportional to the thickness 
of the dielectric, the dielectric strength is usualiy measured by the 
P, D. necessary to puncture one miliimetre thickness and is 
expressed in volts or kilovolts per mm. Mica is the best dielectric 
for it has a high dielectric constant and offers great resistance to 
rupture by electric discharge and is, therefore, used in the construction 
of standard condensers. For relatively small P. Ds., say about 
200 volts, the dielectric used is generally paraffined paper covered 
on both sides with tin or aluminium foil. For higher P. Ds, 
use is made of glass and oil. The following table contains the 
dielectric constant and the dielectric strengths of some important 
substances. 
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Table of dielectric constant and dielectric strength 


Material 

Approx. Dielectric 
Strength in 
kilo- volts per mm. 

Approx. 
Dielectric 
Constant K 

Asbestos 

3 — 4*5 

■ ... 

Bakelite 

20 — 25 

5—6 

Cotton 

3—4 

... 

Ebonite 

lO — 40 

2—3 

Glass 

5—12 

5-8 

Gutapcrcha 

10^ — 20 

3—5 

India rubber 

10 — 25 

2—3 

Mica 

40—150 

3-8 

Paper 

4—10 

2 

Paraffin wax 

8 

2 

Porcelain 

9 — 20 

4—7 

Shellac 

5 — 20 

2-5— 3-5 

State 

3 

7 

Oil 

25—30 

: 2— 3‘i 

Water 

... 

40 — *90 

Air 

3 

1*000585 


Oral questions 

COMPARISON OF CAPACITANCES 
What do you understand by capacitance of a conductor and upon what 
factors does it depend ? Define the absolute and practical units of capacitance 
and state the relation between them. How does the capacitance of a conductor 
vary with the nature of the neighbouring conditions? What is a condenser? 
Explain how the capacitance of a conductor can be increased by placing near it 
an earthed conductor ? Upon what factors does the capacitance of a condenser 
depend ? How can you increase the capacitance of a condenser ? Is the capacit- 
ance of a condenser defined in the same way as the capacitance of a conductor ? 
How can you determine or compare the capacitances of condensers. How do you 
charge a condenser? What precautions do you observe in your experiment ? What 
is the use of Morse key ? Explain the charging and discharging of a condenser 
with its help;? Why do you use a two-way key? Why don’t you use aLeclanche 
cell in this experiment ? Why do you charge the condensers for a short time 
only? Is the result in any way affected by the time of discharge also? Why 
should the throws be small ? If the throws are large, how can you reduce them ? 
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Bow will the formula for comparing the capacitances be modified if the throws 
are large ? If the throw obtained with the condenser of large capacitance is 
beyond the scale, how will you modify your method to get it on the scale keeping 
the throw with the other condenser the same? What are laws of capacitances « 

tn series and in parallel ? Are they the same as the laws of resistances in series 
and paraliel ? How can you verify the laws of combination of condensers by a 
ballistic galvanometer ? How are standard condensers constructed ? Why is 
mica generally used as dielectric in standard condensers ? What should be the 
qualities of a good dielectric for a standard condenser ? How do you define 
dielectric constant and dielectric strength of a material ? How arc variable con- 
densers constructed ? Describe the construction of a condenser bos. j 

CONSTANT OF A BALLISTIC GALVANOMETER 

What is a ballistic galvanometer ? Wbat are its chief features ? To 
what use is it generally put ? What do you understand by the constant of a ballistic 
galvanometer ? How can you determine it with a standard condenser of known 
capacitance ? What precautions do you take in this experiment ? Do you know 
any other method of calibrating the ballistic galvanometer ? Compare them. Does ; 

the value of K depend upon the working conditions and the distance between 
the scale and the mirror? What do you understand by logarithmic decrement? | 

Why and how do you determine it ? Do you take observations for logarithmic 
decrement on closed or open circuit of the galvanometer and why ? On what 
factors does the damping depend ? How can you increase or decrease the damp- | 

Ing ? What is the use of the tapping key connected across the galvanometer ? | 

Explain how by tapping this key the galvanometer coil can be brought to rest in a | 

short time ? What other experiments have you performed with a ballistic galvano- 
meter? How can you compare the E. M. Fs, of two cells by a ballistic galvano- -i 

meter ? Compare this method with the potentiometer method of comparing the | 

E. M. Fs, of two cells. Can you determine the internal resistance of a cell by a 
ballistic galvanometer ? If so, how ? Compare this method with other methods 
of determining the internal resistance of a cell, 



Chapter XXXI 

ELECTROMAGNETIC INDUCTION 


31*1. Laws of Electfomagiietic Induction. In 1831 
Paraday made the most important discovery that i^when the number 
of lines of magnetic induction passing through a conducting circuit 
is changed, a current is produced in the circuit. This phenomenon 
is called electromagnetic induction and the current produced by induction 
is termed the Faraday summed up the result of his 
experiments in the following laws of electromagnetic induction : — 

{1) Whenever the magnetic flux threading or linked with a conductor 
is changed an induced E, M, F. acts round the condiictor. If the conductor 
be a closed circuit, an induced current flows round the circuit. 
The induced E. M. F. or the current lasts only while the change 
is taking place. 

(2) The magnitude of the induced E.M.F. is equal to the fate of 
change of the flux N linked with the conductor^ th^t h 



Note that the magnitude of the induced E. M. F. is absolutely in- 
dependent of (^i) the shape or size of the conductor, (ii) the nature 
of its material, or even (iii) the exists nee of a closed circuit. If the 
conductor forms a part of a closed circuit, the magnitude of induced 
current will be equal to the induced E. M. F. divided by the 
resistance of the circuit. The magnitude of induced current, therefore, 
depends upon the shape, size and the material of the conductor 
as well. 

The change in magnetic flux linked with a conductor may 
be due to motion, relative to the conductor, of magnets or of 
conductors carrying currents, or, without relative motion, to the 
starting or stopping or variation of the currents in the neighbouring 
conductors or in the conductor itself. When the induced E. M, F. 
in a circuit has been produced on account of relative motion of a 
neighbouring circuit or on account of change of current in it, the 
circuit in which the E. M. F. is induced is called the secondary and 
the neighbouring circuit, the primary. 

The negative sign in equ. (31*1) shows that the direction of 
induced E. M. F. {and current) is such that it tends to oppose the very cause 
which produces it^ the induced current establishes a magnetic flux 
which tends to neutralize the change in flux which causes it. This 
statement is known as hen s law or third law of electromagnetic 
induction and is very helpful in determining the direction of the induced 
current. From this law it is evident that when the current 
in the primary circuit is increased or the primary moved nearer to 
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the secondaty, the current induced in the secondary will be in a 
direction opposite to the primary current, inperse^ and when 
the current in the primary is decreased or the primary moved 
away from the secondary the current induced in the secondary will 
be in the same direction as the primary current, In^the 

case of a single conductor moving in a magnetic field at right 
angles to itself and the field, direction of induced E. M. F. (and 
current) can be conveniently determined by Fleming’s Right Hand 
Rule which runs as follows — Hold the thumb and the first two fingers of 
the right hand mutually at rl^t angles. Then if the forefinger points in the 
direction of the magnetic field and the thumb in the direction of motion of the 
conductor^ the second finger will point in the direction of the induced E. M. F. 
(and current). 

31*2. The Self-Inductatice (L) of a Circuit. When the 
current in a closed circuit is started, stopped or varied, the magnetic 
flux linked with the circuit changes and hence an E. M. F. (and current) 
is induced in the circuit. This effect is knowm as self-induction. When 
the permeability of the medium is constant, the value of the effective 
magnetic flux linked with a circuit is proportional to the primary 
current in the circuit. Thus, if N be the e&:ctive magnetic flux linked 
with a circuit when a current I is flowing through it 
N oc I 

or N= LI (3 1 *21) 

where L is a constant for the circuit and is known coefficient of 
self-induction of the circuit. If the circuit consists of a coil of wire 
with n turns, each of the magnetic lines of force threads through 
all of the turns. Hence the effective fl’ x N in this case is equal 
to n times the flux ^ through each turn, that is N = « == LI. 

If 1=1, N=L. Hence coefficient of self-induction or self-inductance 
of a circuit is equal to the effective magnetic flux or linkages of the circuit when 
unit current is flowing through it. 

When the magnetic flux linked with a circuit is changing owing 
to the current changing, then the E. M. F. induced in the circuit is 


dN 



where is the rate of change of flux through the circuit. 

Putting N=LI, the above equation is modified to 

— L § (3.-J) 

where is the rate of change of current in the circuit. 

dt 

41 
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mculi is numerically equal to the induced E. in the circuit when the 

current is changing at the rate of one unit per second. The negative sign 
in eqn. (3 1*3) shows that the E. M. F. is inverse or opposing when the 
rate of change of current is positive, current is increasing. 
Equations (3 1* a) and (31*3) can be used to define unit of self-induc- 
tance* A circuit has a self-inductance of one C. G. S. unit if the 
magnetic flux linked with it due to unit e, m. current in it is unity 
or if the E, M. F. induced is one e. m, unit when the current is changing 
at the rate of one e.m. unit per second. The self-inductance 
of an iron-free coil depends only upon the geometry of the coil and 
the number of turns in it. 

The practical unit of self-inductance is henry which is equal 
to 10® C. G, S. units. A circuit possesses a self-inductance of one 
henry if the iiiagnecic flux or linkages be 10® when one ampere 
passes through it or if the E, M. F. induced in the circuit is one 
volt when the current *is changing at the rate of one ampere per 
second. 

The self-inductance is analogous to inertia for when the 
current is started in a circuit, the induced E. M. F. tends to retard 
the growth of current. The result is that the current does not 
reach its steady maximum value instantaneously but takes some 
time which may in some cases be several minutes. For instance, 
when a D. C. motor is started it takes a fairly considerable time, 
on account of large self-inductance of field coils, before the field 
current attains its full strength. > Similarly when the current is 
stopped, the induced E. M. F. on account of self-induction tends to 
make it keep on, and if the self-inductance is large and the break very 
quick, the magnitude of the induced E. M. F. is very great. For 
example, when a D. C. motor is shut off, the E. M. F. induced is very 
great so that an arc is formed at the switch which, in time, 
burns the contacts away. 

A loop of wire and a short straight wure have negligible self- 
inductance and are said to be practically non-inductive. In a loop of 
wire the induction effect of every small portion of it is neutralised by 
the part diametrically opposite to it. It should be noted that no circuit 
is absolutely non-inductive, for even with a straight wire, some -field 
must exist around it. If a coil of wire consists of many turns closed 
together, the self-inductance is very large, />., it is highly inductive. 
If a coil is wound on an iron core, the self-inductance will be considerably 
increased, e,g,^ in field coils of D. C. motors. In coils of resistance 
boxes the coils are wound almost completely non-inductively by first 
doubling the wire along its length and then winding it on the bobbin. 
This bifilar winding gives the effect of two wires side by side but carrying 
currents in opposite directions ; the result is that the magnetic 
field due to current in one is neutralised by the magnetic field due 
to opposite current in the other and the coil has a negMgible 
self-inductance. 
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„ Experiment -si'i--" 

Object* To detexmine the self-inductance of a giTcn coil 
by Rayleigh’s method. 

Appatatus* The coil whose self-inductance is to be 
determined, a Post OifSce box, a moving coil ballistic galvanometei 
of suspended type, a decimal ohm box containing resistances of the 
order of o*i and o‘oi ohms, a platinoid wire and a binding screw, 
an accumulator, a special double key as shown in fig. 31*2, a tapping 
key and ' connecting wires. 


Theory. Let the coil whose self-inductance L is to be determined 
be placed in one arm of a Wheatstone bridge as shown in 
fig* 31*1, the resistances in the other arms being non-inductive, ^and 
let the resistances of the various arms be so adjusted that the bridge 
is balanced for steady currents, the galvanometer used being ballistic, 

Then, if the battery circuit is opened 
while the galvanometer circuit 
remains closed, during the decay of 

current an E. M. F. — L will be 


8 




© 








K, 


D 


Fig. 31*1 


it 

induced in the coil in the branch CD, 
where I is the current in CD at any 
instant. This will send an instantane- 
ous current in the galvanometer, the 
result being a momentary throw 
in the galvanometer. Let 
be the first observed throw of the 
galvanometer, then the quantity of 
electricity passing through the 
galvanometer due to the above cause 
will be given by 

CT . / . A 


217 API 


-) 


(51*4) 


where C is the torsional reaction per unit radian twist, H the field 
of the permanent magnet, A the logarithmic decrement, T the 
period of the galvanometer and A the e&ctive face area of the coil 
of the galvanometer. 

The instantaneous current i in the galvanometer due to 

dl 

induced E. M. F. in L will be proportional to — L-^rthatis 



(3i‘5) 


where is a constant for the circuit depending upon the relative 
values of resistances in the various branches. Integrating equ. 

we get' ' ■■■ 
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-L I dl=iJ- 1 < dl 

Ic 

LI,=/.Q 


(31*6) 


Of, 
or ' 

where is the maximum steady current flowing through CD. 
From equ. (3i’6) it is evident that the value of charge Q is independent 
of the time taken by the process of induction. Combining equ. (31*4) 
and (3 i*6)j we get 

Now let a small resistance r be introduced in the branch CD which 
developes an additional potential difference in the branch CD, r 
being so small that the current I ^ in the branch does not change 
appreciably. The effect of this additional P. D. in CD is to cause 
a current to flow through the galvanometer, which is given by 


If the steady deflection produced in the galvanometer by this 
current be ^ we have 

AH/' =C<#> 


or 


whence 


AH — =C<j> 

AHrI„ 


Substituting the value of 71 in equ. (317), we get 


ZTT 


-'.r. 


A 

<p 


('+4) 


(51-8) 


be obtained from the 


(3 1 ‘9) 


The value of logarithmic decrement can 
expression 

where Bn is the nth observed throw of the galvanometer. 

Description of Double Key. The double key shown in 
fig. 31*2 is very helpful in breaking the galvanometer circuit the 
moment the discharge has passed through it. It consists of three 
strips PP', QQ' and RR' and a block SS' of brass mounted 
horizontally in an ebonite block and connected to separate terminals 
Tjj^, T2, Tg and as shown. The battery is connected between Tg 
and T4 and the galvanometer between Tj and Tgv When M is 
depressed R and S are connected and the battery circuit is closed 
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On depressing P the contact is made between P and Q and the 
galvanometer circuit is also closed. The strips Q and R remain 
insulated by the ebonite strips in between them. Thus 



- , p j II 

— — - — 

™Q 


M ~ 


h — — aaMT"" — " — ‘ ^ ^ 

— 




■■'Fig. 31*2 ^ 

M and P are simply battery and galvanometer key respectively, 
and with their help the bridge can be balanced for steady currents. 
Now if keeping P depressed M is released this will not break any 
of the two circuits but if now P is also released the battery circuit 
will be broken first and then after some time the galvanometer 
circuit, thus opening the galvanometer circuit immediately after the 
discharge has passed through it and the impulse given to it. In 
this case the throw of the galvanometer will almost be independent 
of electromagnetic damping. 

Method. Level the base of the galvanometer by means of 
the levelling screws and release its coil. Throw light on the mirror 
of the galvanometer and get a bright spot of reflected light on the 
scale. Adjust the spot of light on the scale at zero. Connect the 
coil L whose self-inductance is to be determined in the unknown 
resistance arm of the Post Oifice box inserting in series with it a decimal 
ohm box containing resistances of the order of 0*1 and o’oi ohms. 
In series with the rheostat arm of the P. G. box put a platinoid wire 
the length of which can be varied by slipping It through a binding 
screw. Connect the galvanometer and the battery directly to their 
places in the P, O. box through the special double key shown in 
fig. 3 1 ‘2, thus avoiding the use of the P. O, box keys. Insert a rheostat 
of high value in the battery circuit and adjust it to a suitable value. 
Connect a tapping key across the galvanometer. 

Adjust the decimal-ohm box in series with the coH L to zeroc 
ohm. Adjust the ratio arms of the P. O. box to 10 : 10 or to i nc: 
if available according as whichever order is nearer the resistance 
of the coil L. Close the battery circuit by depressing M and then 
the galvanometer circuit by depressing P, Adjust the rheostat in 
the battery circuit if necessary until a convenient deflectsion is 
obtained and the spot of light appears on the scale. Now adjust 
the rheostat arm of the P. O. box until by changing ttfe resistance 
in it by one ohm the direction of deflection in the galvanometer 
is reversed. Then adjust the length of the platinoid wire in the 
circuit until a perfect balance of the bridge for steady currents is 
obtained, the final adjustment being done by passing the current 
only for a short time and thus avoiding the heating of the coil L. 
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Having obtained perfect balance for steady currents, Telease 

battery arcoit or th S , q break the 

SU'"St''‘2.d”fhe?"J.SL§- aft- 1. ,1.0 ga.va„„,^« 

iZ attd a .to. 

p^od o£ the galvanometer ; and after it bring It to rest by tapping 

'‘^SZT£ “Se to. >>*«>“ to. ‘“"tj “r ?5 

- Sr SnHWf 

then key P A steady dedection will be produced in the galvanometer. 
nS Swn fhe laLtion of spot hght on the scale corresponding to 

this logarithmic ^ 

I’lT-o'i and then the value of self-inductance L of the given coll from 
iauation (jrS). Repeat the experiment with different values of rand 
i at least three sets of observations. Find the mean value o . ^ 

Sources of error and precautions, (i) The connecting 
wires should be short arid straight. No colled wire should be 
used for making connections. _ 

fal The base of the galvanometer should be carefully levelled 
by mea4 of the levelling screws and the coil should be undamped. 

{x\ A tapping key should be connected across the galvanoineter 
i JdL to S L galvanometer coil to rest in a short 
Ln S tapping SI key, 'Ihen so desired. The motion of the 
cS i?the ma|netic field induces in it an opposing current which 

brings the coil to rest. 

(4) The E. M. F. of the cell used should be constant while 

the induced E. M. F. -L-^- is being developed in the coil Lin 

CD. Accumulator may be used for its E. M. F. remains sensibly 

constant. ^ suitable defiection a high adjustable resistance 

should be connected in series with the cell. 

f6') Since the resistances rj and r# or r* and r* are in a way 
.Rnntini the galvanometer, throw obtained in it^ipmall, speaally when 
tSSswnce^of coil L is small. A measurable and reliable throw 
theresistan opening the galvanometer circuit immediately 

rfter^he (Escharge his plssedlhrough it with the help of a spedal doubk 
key ^ig. 5 fa)- 
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(7) in order to have high sensitiveness of the bridge, it is 
advisable to insert a suitable small non-inductive resistance in 
series with the coil L in the same arm CD, 

(8) The current should be allowed to pass through the 
bridge only for as short a time as possible otherwise the balance 
point will continually change due to the change of the resistance of the 
coil L in CD. The coil generally consists of copper wire which has a 
large temperature coefficient for resistance. The key, therefore, should 
be pressed only when observations are to be made. 

(9) The balancing of the bridge for steady currents must be 
perfect. 

(10) The resistance r introduced in the arm CD in series with 
the coil L to produce steady deflection ^ should be very small so that it 
may not affect the value of the steady current Iq in that branch appre- 
ciably. It may be preferably of such a magnitude as to produce ^ 
equal to B at the same time not affecting the value of Iq. 

(11) For the determination of logarithmic decrement A, as 
many successive throws of the galvanometer as it is possible to 
observe should be noted after the discharge has passed through it. 

(12) While determining the period T of the galvanometer, 
the galvanometer circuit must be kept open. 

Observations. (A) Determination of and A 
Rest position of spot of iight=2ero 


S. No. 

Scale deflection corresponding to successive 
throws of galvanometer 

r 

ohms 

in 

scale 

divi- 

sions 

.1 



^2 

^8 j ^5 '■ 


I. 



. .) , 1 





2 . 








5- 



• ! ■ ■ 1 
i ' ■ ■ 






(B) Determination of period of the galvanometer. 


S. No. 

No. of oscillations 

i 

Time taken 

Period 

Sec. 

Min. Sec. 

, I 



1 

2, 




^ 3 


1 " 


Mean ^ 

i 

1 

i 
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Calculations. 


Set ! 2*5026 log 





== henry 

Result, The seif-inductance of the given coii= henry. 

Criticism of the method. The method gives accurate 
results of the seif-inductance of a coil specially when the double 
key is used to break the galvanometer circuit immediately after 
the discharge has passed through it. For more accurate results 
null methods, e,g.y Anderson^s method in which the throw due to 
self-induction is neutralised by an equal and opposite effect due 
to a known capacitance, should be used. Rayleigh’s method is 
suitable for the determination of self-inductance of coils not 
containing any magnetic material and having a fairly large value 
of self-inductance. When the coil has an iron core the and 
break methods must not be used. With iron core the magnetic flus 
threading the circuit is not proportional to the current, 

31*3. The Mutual Inductance (M) of two circuits. 
When two closed circuits are in close proximity, then, whenever 
the current in any one of them is started, stopped or varied, there 
is a change in the magnetic flux threading the second circuit due 
to current in the first circuit and an E. M. F. (and current) is 
induced in the second circuit. This effect is known as mutual 
induction. Clearly any one of the two coils can be used as the 
primary and the other as the secondary. If the permeability of the 
medium be constant the magnetic flux N linked with secondary due 
to the current in the primary is directly proportional to the magnitude 
of the current in the primary. Thus 

N oc I 

or N=MI 

where M is a constant of the two circuits and for iron free circuits 
depends only upon the geometrical shapes and the relative 
positions of the two circuits. It is called the coefficient of 
mutual induction or simply the mutual inductance of the two 
circuits. If 1 = i, N=M. Thus the coefficient of mutual induction 
or mutual inductance of two circuits is equal to the effective magnetic flux or 
linkages of one circuit due to unit current flowing in the other. 

When the magnetic flux threading the secondary circuit h 
changing owing to the current in the primary changing, then the 
E. M. F. induced in the secondary is given by 


dN 



where -j- is the rate of change of flux through the secondary owing 
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to the current in the primary changing. Putting N=MI in the above 
equation, we have 

‘—4 <“> 



where — is the rate of change of the current in the primary cir- 

dl 

cuit. When i, e= —M. Thus fie coefficient of mutual induction 

or mutual inductance of two circuits is numericallj equal to the E, M, F. 
induced in one circuit when the current strength in the other paries at the rate 
of one unit per second. The mutual inductance is also measured 
by the mutuaF potential energy of the two circuits when unit 
current Is flowing in each. There is only one value of mutual 
inductance between two coils for any one of them can be used as 
the primary circuit. 

The unit of mutual inductance is the same as that of 
self-inductance. The practical unit henry is the mutual inductance of 
two circuits when the effective magnetic flux or linkages of one 
circuit due to a current of one ampere in the other be lo^ or when 
the induced E. M. F. in one due to change of current at the rate of one 
ampere per second in the other be one volt. 

The mutual inductance of two circuits can be increased by 
increasing the number of turns in the coils as well as by winding 
them on iron cores. When iron core is used, the iron gets magnetised 
when the current passes through the primary. The change 
in magnetic flux is, therefore, much greater and hence the induction 
effects are considerably increased. The magnitude of the induced 
E. M. F. in the secondary varies directly as the number of 
turns in the secondary for the E. M. Fs. produced in different 
turns are added up. Flence the E. M. F. induced in the secondary 
can be made as large or as small as we please by using many or 
few turns. This accounts for the large number of turns used in 
ghe secondary of a transformer or an induction coil. Further, the 
reater the rate of change of current in the primary, greater will be 
the E. M. F. induced in the secondary. Hence, if the current 
in the primary is stopped suddenly, large E. M. F. can be developed 
in the secondary. This explains the production of very high 
E. M. F. in the secondary of an induction coil at break which is 
very sudden. 

Experiment 51.2 

Object. To determine the mutual inductance of two colls 
by means of a ballistic galvanometer. 

Apparatus. The two coils whose mutual inductance is to 
be determined, a moving coil ballistic galvanometer of suspended 
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type, rheostat, a resistance box, an accumulator, a piug-type 
ccYersing commutator and two tapping keys. 

Theory. Let the secondary winding of the mutual inductanGe 
be connected to a ballistic galvanometer and let a current I be 
allowed to pass through the primary winding. Then, as the 
current grows from o to I in the primary circuit, an E. M. F. 

equalto— M is induced in the secondary, where M is the 

mutual inductance of the two coils and the current in the primary 
at any instant. This induced E. M. F. produces an instantaneous 
current in the secondary circuit which is given by 


e 


M 

R 


it 


where R is the resistance of the secondary circuit including that of 
the galvanometer. The charge passing through the galvanometer 
during the growth of current I in the primary is given by 

Q.f‘ f 


or 


•/ tJ 


dt 


dt 


MI 

K 


If 01, be the consequent 


(31-10) 
of the 
(31-11) 


successive throws 

galvanometer, the charge passing through it is also given by 

Q=Oi(1+X/2) 

where K is the ballistic constant of the galvanometer and A the 
logarithmic decrement. 

Equating the two expressions (51*10) and (31*11) for Q, and 
simplifying, we get 

M= (1+A/2) 

If T is the period of oscillation of the galvanometer and k its figure 
of merit, 


K= — 

ZTt 
AT ^ 

M=r' 


k~— . 01 ( 1 + A/a) 


27r 


(sna) 


Now let the secondary winding in series with the ballistic 
galvanometer be connected across a small resistance r already 
included in the primary circuit. This causes an E. M. F. rl to act 
in the secondary circuit which sends round current F producing 
a steady d<=^.fiection in the galvanometer so that 
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, r rl ^ 

or 

f Jcv 

Putting this value of ^ in equ. (31*12), we have 


(31-15) 
can be 


Method. 




mMM 


from which M may be calculated. The value of A can be 
obtained from the expression 

X=r3026 los t ± h±^±-+f^-^ 

02+^3+ ^4+.. .+0n 

Method. Level the base of the galvanometer by means of 
^ the levelling screws 

• \ " and unclamp its coil, 

r'"" Throw light on the 

— _J — — . — ^ mirror of the galva- 
nometer and get a 
bright spot of light 
on the scale. Ad- 
just the spot of light 
' ' . on the scale at 2ero. 

S Connect the primary 

.. . winding P (Fig. 31*4) 

\ iMMSMMlJ 1 ci U. to an accumulator B 

! rvTTvv^ in series with a rhe- 

, dOfQOQOQO [ ostatRi, a resistance 

. R a, boxRand a tapping 

P c> Next con- 

i- I ^ nect the terminals 

of the resistance box 
R to the two 

^ ^ eollinear terminals ^ 

Lfi^ ^‘1 o and b of a plug 

...j commutator K, 

; to the remaining 

Ftg* 31*4 terminals r and d oi 

which connect the secondary winding in series with a ballistic galvano- 
meter. Connect a tapping key Kg across the galvanometer. 

Adjust the resistance box R to a small value of resistance, say 
r ohms. Close the primary circuit and adjust the current to a 
suitable value. Connect r to d and when the galvanometer coil 
is at rest, release the key Ki, and note down the deflections of the 
spot of reflected light on the scale corresponding to successive 
throws of the galvanometer. Bring the galvanometer coil to rest 
by Tapping the key Kg. 

Next connect to a and d to b and observe the steady deflection 
produced in' the galvanometer. 




. ^‘1 

“•'VVWW' 
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Now aiter the value of r and repeat the experiment taking at 
least three sets of observations with different values of r. Determine 
the period of the galvanometer. Calculate the value of M from equation 
(3 !• 1 3) for each set of observation separately and then take the 
mean value of M. 

Sources of error and precautions, (i) The connecting 
wires should be short and straight. No coiled wire should be used 
for making connections. 

(2) The base of the galvanometer should be carefully levelled by 
means of the levelling screws and the coil should be undamped 
before passing current through it. 

(3) A tapping key should be connected across the galvanometer. 

(4) If the coils used are large, they should, if possible, be 
placed as far from the galvanometer as possible so that there is no 
appreciable effect on the galvanometer coil due to direct action of 
maximum current in the primary circuit. 

(5) A rheostat should be included in the primary circuit to 
adjust the value of the current in it to a suitable value, say abou 
one ampere. 

(6) The cell used in the primary circuit should be an 
accumulator. 

(7) For determining the successive throws of the galvanometer, 
its circuit should be kept closed for the damping on open circuit is 
not the same as that on closed circuit. Further, as many throws 
of the galvanometer as it is possible to observe should be noted. 

(8) The resistance r should be very small compared to the 
resistance of the secondary circuit. 

(9) While determining the period of the galvanometer its 
circuit should be kept open. 

Observations. [A] Determination of 0i, ^ and X» 

Rest position of spot of light == zero 


S. No. 


Scale deflection corresponding to successive 
throws of galvanometer 


0i 


Bz 


Bi 


r 

ohms 


in 

scale 

divi- 

sions 
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(B) Determination of period of the galvanometer. 


: 

S. No. 

• 

No. of oscillations 

- 

Timet 

aken 

Period 

Sec. 

Min. 

Sec. 

. 

, : j 

i ' ■■ ■ 

' 

i ■ 

1 

i 

1 ' i 

I . , 1 


z , 





3 

! 

i 




Mean 


Calculations. Set I A=2*3026 log 




02+^3+94“i' **• + 0n 


T 

M= — /• 

IV 


= henry 

Result. The mutual inductance of the given coils = ...henry 

Criticism of the method. The method gives a fairly 
satisfactory value of mutual inductance of two coils. The main 
source of error is the effect of seif-inductance in the primary. 
The method is not applicable to coils which have an iron core, for 
then the magnetic flux linked with secondary due to current in the 
primary will not be proportional to the current in the prima,ry. 
For more accurate results alternating current bridges employing 
vibration galvanometer as detector should be used. 

Experiment 51 -3 

Object. To determine a high resistance by the method of 
leakage of a condenser. 

Apparatus. Condenser, high resistance, accumulator, ballistic 
galvanometer, Morse key, a two-way key and two one-way keys. 


Theory, If a charged - condenser of capacitance G is 
onnectedacross a resistance R, the charge leaks through the 
resistance. If the charge on the condenser at any 
time / is Q, the P. D. between its coatings 








Fig. jrj 


is Q/C and that across the resistance is R 

Hence, as there is no applied voltage in the 
circak, tli3 potential eqaidoi of the circalt b 


_ ;4/ I 
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or , . 

Integrating, this gives 




dt 

CR 


log Q = - ~ ( 5 ri 4 ) 

If initlallj the charge on the condenser is we have Q=Q<„ when 
/==o, and therefore 

^ = log Qo 


Substituting this in equation (3i'i4) and simplifying, we have 

Q=Q^r-VCR (3X-15) 

Now let a condenser of capacitance C be given a charge Q® 
and then immediately discharged through a ballistic galvanometer. 
If is the first throw of the galvanometer and A the logarithmic 
decrement, we have 

Qo=K0x(i+A/^) (31*16) 

Next, let the same condenser be again given the same charge Q© and 
then, after having allowed the charge to leak through a resistance R 
for a known time /, let the condenser be discharged through the same 
ballistic galvanometer. If is the first throw of the galvanometer 
in this case, we have 


Q==:Kai(i+ A/ a) 

Dividing equ. (31*17) by equ. (31*16), we have 

O _ 

■ 

But from equ. (31*15), we have 

Q 


Qo 

a-i 


or 

whence 


log^ 


=r‘/CR 

=«*‘/CR 

- jL 

- CR 


R 
R = 


C log (ffi/tti) 
t 


(yvi?) 


z '}026 C login (9i/ai) 
This equation can be used to determine a high resistance. 


(ji'iS) 
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Rearranging equ. (31*18)5 we have 

1 ' 

'2‘302'6 RC ■ 

This equation shows that if the charge is allowed to leak 
through the resistance for different intervals of time and then a 
graph plotted taking the various values of t as abscissae and the 
corresponding values of logio as ordinates, the slope of the 

graph, as illustrated in fig. 51*65 will be given by 


Y 2*3026'RC 

/: I 

/ i whence ' R=5 

a/i-JB 2-5026 C tan p 

” If a condenser has a self-leakage 

^ j/ resistance, the experiment should be 

2 x y performed in two parts : 

y (t) allowing the charge to 

mC. — , X ieak without the external resistance R 

Lcak<ig^ fmis connected across the condenser. This 

will determine the self-leakage resis- 
Fig. 31*6 tance r of the condenser. 

(2) By allowing the charge to leak with the external resistance 
R connected acrosr tne condenser. This will determine the equivalent 
resistance R' of the parallel combination of r and R. 

The external resistance R can then be calculated from the 


Leakage iinn 
Fig. 31*6 


formula 


r ^ R 


(31; 1 9) 


Method. Level the base of the galvanometer by means of the 
levelling screws and release its coil. Throw light on the mirror of the 
galvanometer and get a bright spot of light on the scale. Adjust the 
spot of light on the scale at zero. Make electrical connections as shown 
in fig. 31*7. Join a to b and then press the Morse key at 
P. This completes the celhcondenser 
circuit whereby the condenser is ^ 

charged to a constant P. D. between 
its coatings equal to the E.M. F.of 

the cell. When the condenser is fully f Tq 

charged, release the Morse key^. This JT”! 

breaks the cell-condenser circuit but at J_ C /K’, 

the same time completes the ^ 1 

galvanometer-condenser circuit. The 1 I 1 — ^ 

condenser discharges itself through the I f [ | 

galvanometer. Note down the first “"y 

throw #;iL of the galvanometer corres- Fig. 31*7 

ponding to the charge, say Q0 on the condenser. 

Again charge the condenser to the same voltage by pressing 
the Morse - key at P and then ' ■ keeping the knob P depressed and 
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the plug key open, turn the key K from the posiiion ab rm 

the position and immediately start a stop-watch. When the 

charge on the condenser has leaked, if at all, for a known time 
/, say 5 seconds, release the Morse key and observe the first throw 
aj' of the galvanometer. Repeat this self-leakage experiment 
several times for different values of leakage time if, noting down 
the value of for each value of t. 

Next close the key Kj, turn the key K into the position ab and 
press the Morsekey at P, When the condenser is again fully 
charged, turn key K from the posi tion ah to the position ac 
keeping the Morse key depressed. When the charge on the condenser 
has leaked for a known time /, say 5 seconds, release the Morse 
key and note down the first throw of the galvanometer. Repeat 
this leakage experiment with the resistance R connected across 
the condenser, several times with different values of / observing the 
value of Gi for each value of /. 

Plot a graph taking the various values of / along the X-axis 
and the corresponding values of log^^j— along the Y-axis. Find 

out the slope of the graph and then with the help of equ. (3ri8), 
calculate the value of r, the seif-leakage resistance of the condenser. 

Next plot a graph between / and log l o — and determine with 

' ' ■ 

the help of equ. (31*18), the equivalent resistance R' of the parallel 
combination of r and R. 

Finally calculate the external resistance R from equ. (31*19). 

Sources of error and precautions, (i) The base of 
the galvanometer should be carefully levelled and the coil should 
be undamped before its use. 

(2) A tapping key should be connected across the galvanometer. 

(3) The call used should be an accumulator. 

(4) The capacity of the condenser should be such as to ensure 
a satisfactory rate of leak, 

(5) There should be no leakage of charge through the keys 
K and Ki. 

(6) The graphs should be smoothly drawn. 

Observations. [A] (/) Capacitance of the condenser C= / 

(//) Rest position of spot of light =^z:ero, 

(///) First throw of the gaiv. corresponding 
to the full charge Q® on it =» cm. 


ELECTROMAGNETIC INDUCTION 


657 


|B]'. Measutcment. of and. a 


v| ; First throw of gaiv. after the charge has 

I baked through 

, iLeakagc-;. — 

S* No.l time i Self-leakage resis- Paraiici combination 
I tance of the conden- of self leakage rcsis- 

I I set, Ae. with Kj : tance and external 

i I open resistance, with 

J ; Ki closed 

, , 'i 'Sec. I 

; ai' cm. <r^cm. 


1 

logierV logio 

■ ®1 ! 


a. 10 r 


Calculations, From the graph between / and logi® (#i/ai')> 
we have 

, PR 

taay = 

R= , = == ohms 

2*5026 C tan f 

From the graph between / and logi0 (^i/aj), we have 

PR 


2*3026 C tan f 

From equ. (31*19), the external resistance R is giv^en by 

' ' " t ■ I 

: 1"" K'"' T" . 


= ohms 

Result. The value of the given resistance as determined 
by the method of leakage of a condenser = ohms. 

Criticism of the Method. The experiment, if performed 
carefully, gives accurate results. The method is, however, suitable 
for determination of high resistances only, of the order of 20 meg-ohms. 
The method can be used to measure the resistance and capacity of 
a condenser if a suitable known high resistance is available. 

31*4, Rotation of a plane Closed Coil in a uniform 
Magnetic Field. When a closed coil is rotated in magnetic field, 
the number of lines of magnetic induction cut by the coil varies 
from one instant to the next and hence the magnetic flux threading 
the coil continuously changes. An induced E. M. F. is, therefore, 
42 


I 
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produced in the coil which causes a current to flow in it. The 
induced E. M. F. lasts only so long as the coil is rotating and its 
magnitude varies from one instant to the other. 

Let A be the effective face area of a plane closed coil rotating 
in a uniform magnetic field of strength F and let the plane of 
the coil at any instant make an angle ^ with the direction of the 
field. The effective magnetic flux linked with the coil is FA sin 
and hence the instantaneous value of the induced E. M. F . is 
given by 

^ (FA sin ff) 

•nK . 

= — FA cos &. —r 
at 

dB 

If the coil is rotating with a uniform angular velocity <0= 

FA m cos $ (31*20) 


From this equation it is evident that the induced E. M. F. is maximum 
when 6=0 or tt, the plane of the coil is parallel to the 
direction of the field, and minimum when ff=:r/2, the plane of 
the coil is perpendicular to the direction of the field. Note that 
for first half of one rotation the E. M. F. induced is one direction 
and for the second half of the same rotation it is in the opposite 
direction, /.5., it is alternating. These effects on a coil rotating in a 
magnetic field are utilised in the construction of all dynamos for 
generating current on a large scale. 

If the ends of the coil be connected to a galvanometer, the 
instantaneous current in it will be given by 


e 

T' 


FA ^de 


where R is the resistance of the coil and the galvanometer. The 
quantity of electricity passing through the galvanometer in time 
is given by 

... PA ^dB j 
dQ== tdt=— cos B—^ dt 


Hence the amount of charge passing through the galvanometer 
when the coil is rotated through half a complete turn from a position 
at right angles to the direction of the field is given by 

R 


-i; 






Iz 


cos B. dB 


=2FA/R (5f2i) 

this equation that the charge passing through the 


Of Q= 

It is evident from 
galvanometer is independent of the time taken to rotate the coil 
through 180®. Note that if the coil is rotated through x8o® from a 
position in which its face is parallel to the direction of the field the 
quantity of charge passing through the galvanometer will be zero. 
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Eaftli:;. Inductor. 










Fig. 31-8 


The earth inductor (Fig. 51-8) 
consists of a coil of known 

a a dimensions and of about 
1000 turns of insulated 
copper wire, mounted so 
that it can be rotated about 
an axis in its plane, the 
rotation being confined to 
exactly 180® by means of 
stops. The stand carrying 
the coil can be placed 
with the axis of rotation 
of the coil horizontal or 


v’crtical. The ends of the coil arc connected by short pieces of 
Eexible wire to binding screws on the stand by means of which the 
coil can be connected to an externa] circuit. The earth inductor 
can be used to determine the angle of dip, the total intensity of earth’s 
magnetic field and its horizontal and vertical components. 

Experiment 314 

Object. To determine the angle ot dip in the laboratory ( ....) 

by means of an earth inductor. 

Apparatus. An earth inductor, a moving coil ballistic 
galvanometer of suspended type, compass needle, a tapping key 
and connecting wires. 

Theory. Let the earth inductor be placed with its axis of 
rotation vertical and its plane perpendicular to the magnetic meridian 
and let it be connected to a ballistic galvanometer. Then, if 
the coil be rotated rapidly through 180®, itwdll cut the earth’s 
horizontal field and the quantity of charge passing through the 
galvanometer will from cqu. (51*21) be given by 

Qi=:2HA/R J5X-22) 

where H is the horizontal component of earth’s magnetic field, 
R the resistance of the coil, its leads and the galvanometer, and A 
the effective face area of the coil. Let be the first observed 
throw of the galvanometer. Then 

(1+A/2) (31*^3) 

where K is the constant of the galvanometer and A the logarithmic 
decrement. 

Combining equ. (5i’22) and (31*25), we get 

RK « . . * , X t ^ 


(1+A/2) 


(31-24) 


Now let the earth inductor be placed with its plane horizontal and its 
axis of rotation lying in the magnetic meridian. Then, if the coil be 
rapidly rotated through 180® it will cut the earth’s vertical field and the 
quantity of charge passing through the galvanometer will from equ . 
(31-21) be given by 

^ :q.=== 2 V^ (31*^5) 
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where V is the vertical component of the earth’s magnetic field. Let 
f 2 be the first observed throw of the galvanometer in this case. Then 

Q 2 ==K 02 (1+^/^) (3^*^^) 


Combining equations (31 ’2 5) and (31*26), we get 
RK 


2 A 


^2 (i+A/a) 


(52*27) 


(31-28) 



Dividing equ. (31*27) by equ, (31*24), we have 
H 

If ^ be the angle of dip in the laboratory, we have 
tan^==-=- 

Thus observing the values of and the angle of dip can be 
calculated from the above equation. 

Alternatively, a graph may be plotted taking 0 ^ along the 
X-axis and O2 ^long the Y-axis, This will y 
come out to be a straight line as shown in 
fig. 31*9 and its slope PR/ QR will give tan 9 
Method. Level the base of the ballistic 
galvanometer by means of the levelling screw^s 
and release its coil. Throw light on the 
mirror of the galvanometer and get a bright 
spot of reflected light on the scale. Adjust 
the spot of light on the scale at zero. Then 
connect (Fig. 31*10) the earth inductor by Fig. 3Y.9 

means of a piece of twin flexible wire to the galvanometer Includ g a 
resistance R and a key K in the circuit. Connect a tapping key K’ 
across the galvanometer. 

Next by means of a compass needle, represent the magnetic meri- 
dian on the table by a straight 
line. Then arrange the earth in- 
ductor, when against one of the 
stops, so that its axis of rotation 
is vertical and its plane perpendi- 
cular to the m^netic meridian, 
Quickly rotate the coil through 
1 80° and note the deflection 
of the spot of reflected light on 
the scale corresponding to the 
first throw of the galvanameter. 
Then bring the galvanometer col I 





R f K 



_ , .Fig- . .. 

CO rest by tapping the key K' connected across the galvanometer. 
Next set up the earth inductor with its plane horizontal, its axis of 
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rotation lying in the magnetic meridian. Quickly rotate the 
! coil through i8o® and note deflection ^2 of the spot of reflected 
light on the scale corresponding to the first throw of the galvano- 
meter. Then calculate the angle of dip from the equation (^Tz$). 
Repeat the experiment several times with different values of R 
and at least three times with each value of R and find the mean 
' value of ^ 

Finally plot a graph taking along X-axis and B2 ^long Y-axis. 
This will come out to be a straight line as shown in fig. 31*9. Find 
out the slope PR/QR of this line which will give tan 

Sources of error and precautions, (i) The base of 

p the galvanometer should be carefully levelled by means of the 
levelling screws and its coil should be undamped before beginning 
to take any observations with it. 

(2) The galvanometer should be at a considerabie distance from 
the earth inductor and the connections between the two should be 
made by a piece of twin flexible wires. 

(3) A tapping key should be connected across the galvanometer. 
By tapping the key the galvanometer coil can be brought to rest in 
a short time, when so desired. 

(4) While determining the throw of the galvanometer on 
account of cutting the earth^s horkontal field by the earth inductor, 
the axis of rotation of the coil should be vertical and its plane 
perpendicular to the magnetic meridian. 

In case only the plane of the coil is made vertical and not the 
axis of rotation also, the rotation of the coil mil also cut th& vertml 
component of the earth’s field and, unless the setting of the coil 
is perfect and the rotation is exactly through 180°, the charge 
passing through the gaivanometer on this account will not be equal 
to zero. 

(5) While determining the throw of the galvanometer on 

; account of cutting the earth’s vertical field by the earth inductor, the 

; plane of the coil should be horizontah with its axis of rotation lying 
j in the magnetic meridian. 

i In case the axis of rotation is not set in the magnetic meridian 

' but only the plane of the coil is made horizontal, the rotation of 

j the coil mil also cut the horiJ!(pntal component of the earth’s field and, 

; unless the skting of the coil is perfect mAthe rotation is exactly through 

: 180®, the charge passing through the galvanometer on this account 

will not be equal to zero. 

(6) The graph between Sg and should come out to be a straight 
line and should be smoothly drawn. 
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Observations. Rest position of spot of light zero. 


1 

i 


^2 



: 9 1 

S. No. 

mss. 

mm. 



' i 

1 . 

2. 

' , 3- ' 





' ' ' 1 
i ■ ' i 

1 

12. 









' i "■ 

Mean ■ ! 

Calculations. Set I 

tan ^=1^=' 




• 

• » 


0 



(Make similar calculations 
From graph (31*9) 


P R = 


tan 


for other sets). 


QR = 
PR/QR = 


Result. The angle of dip in the laboratory ( , , 

Criticism of the method. This is a 
convenient method of determining the angle ° be confined 

the earth’s surface. By the use of stops the rotation can be co^n^^ 

to exactly 180® and by the use of spring aaes— 

affected vMy quickly. The method possesses nvo distinct advantages. 

(.) „.g„ic Wef 

by increasing or decreasing the effective area or m X 

the magnetic fields in any direction can be of 

mounting the coil with its plane perpendicular f .f*; the 

the field and hence the method is superior °tient 

magnetometer _ methods by which only the horizontal component 

determine m constant of amoving coil ballistic galvano- 
meter {suspended type) by means^ of an “^;iU3tic galvanometer. 

Connect the earth inductor to j J is ner- 

Arrange the earth inductor so that its axis is verucal P\“tMoLh 

pendicular to the magnetic meridian. Rotate the co 
iSo' and determine the successive throws of the 
calculate the constant K of the galvanometer from the formu 

V 2 A H ... ( 3 i’i 9 ) 

R9i(i+XW . g ,, 

where H is the horizontal component of the 

A the effective face area of the coil, c..* tv,rnw of the 

the coil, the galvanometer and the leads, 9 \ the first thro 
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galvanometer and A the logaritlimiG decrement which can be ubtalnec^ 
from the expression 

A = ^3026 log 

where §n is the nth. throw of the galvanometer. 

Exercise 2. To calibrate a ballistic galvanometer bj a soknoid 
inductor. 

In a convenient form of solenoid inductor, the primary 
consists of a double layer of a silk-covered copper wire wound 
uniformly on a glass tube of about 100 cm, in length and of about 
4 cm. in diameter^ and the secondary consists of two layers of about 
TOO turns each of double-silk covered fine copper wire wound 
uniformly over the middle portion of the primary. 

To calibrate a ballistic galvanometer make connections as 


shown in fig. 3i‘ii and allow 
K, 

X._ 


.... — L{£)^ 


|Sj= 10,000 A 
T s 

prTVTTj-Ts'rr'^'TTTfFOnrj 
P I 


Steady current of / amperes to pass 
through , the primary coil P. This 
produces a magnetic field of o*4irz?i/ 
oersteds at the centre of the primary 
coil, where n^ is the number 
of turns per unit length of the 
primary. Since the primary is long 
its external field in the region ot 
the secondary is extremely small 
and hence the flux linked with the 
secondary due to current i in the 
primary is 0*4 7r%/ Xn^Ay where 
is the total number of turns in the 
secondary and A the face area of 
each turn. Now by means of the 
commutator Kg, reverse the current 
in the primary, then the change in 
flux linked with the secondary is 
evidently given by N=o*B nn-^^Ai 
Maxwells, This will produce a 
flow of charge Q through the 
ballistic galvanometer. Note down 
the successive throws of the 
galvanometer. If #1, ^2? ^ s 
consequent successive throws of 
the galvanometer, we have 
_ . (1+A/2) ... (31*30) 

where K is the ballistic constant of the galvanometer and A the 
logarithmic decrement which is given by 

A-Z 5026 log 

If R is the resistance of the secondary circuit (including, 
that of the galvanometer and its leads), the charge passing through 
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the gaH"anoiiietcr due to 
given by 


reversal of current in the primary is also 


N 

k" 




e. m. u. 


~ — . coulombs 

io"K 

Equating the two expressions (31*30) and 
"^vnxn^Ki 


(31-31) 

(3 1 •31) for Q, we have 


Kffi (i + a/z) 


87r/?|/?5jA/ 


In order to avoid excessive kick in the galvanometer a high resistance 
R3 of about 10000 ohms should be included in the secondary circuit. 

31*6. Measurement of Magnetic Fields by means of 
a search Coil. Very intense magnetic fields such as those between 
the poles of an electromagnet, can be easily measured with the help 
of a search coil and a calibrated ballistic galvanometer. A search 
coil is merely a small flat circular coil consisting of a large number 
of turns of very fine copper wire wound on an ebonite bobbin 
attached to a handle. The coil is made narrow because firstly most 
of the fields to be measured arc not uniform and secondly the coil is 
often to be introduced into narrow gaps for such measurements. 

Expermenf 31.5 

Object. To determine the magnetic field between the pole-pieces 
of an electromagnet with the help of a search coil and a ballistic gal- 
vanometer, using an earth inductor for the calibration of the 
galvanometer. 

Apparatus. The electromagnet with battery, ammeter, rheostat, 
etc., for passing steady current through the field coils, a search coil, a 
ballistic galvanometer, an earth inductor and keys. 

Theory. Let a search coil be placed in the magnetic field 
between the pole-pieces of an electromagnet with the face of the 
coil perpendicular to the magnetic lines of force. Also let the coil 
be connected to a ballistic galvanometer in series with an earth in- 
ductor placed with its axis of rotation vertical and the plane of the coil 
perpendicular to the magnetic meridian. If n be the number of turns 
in the search coil and a the face area of each turn, the change of magne- 
tic flux through the coil when it is rapidly removed from between the 
pole-pieces of the electromagnet is given by 

where F is the strength of the field between the pole-pieces of the 
electromagnet. The change of flux through the coil causes a charge 
Q to flow through the galvanometer. If is the consequent first 
throw of the galvanometer, 

, ,, . , . Q=K9i (1+A/z) ... (31-33) 

where K is ballistic constant of the galvanometer and A the 
logarithmic decrement. 

If the current at any instant through the galvanometer is i and 
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(31‘34) 

Q aad 


the combined resistance of the gaiYanometer cmuit including that 
of its leads is R, the charge passing through the galvanometer at 
that instant is also given by 

.=N/R ■ 

^ (31*34) 

Equating the two expressions (3 1*3 3) and (31*34) for Q and 
simplifying, we get 

(i+A/z) (31-35) 

Now let the earth inductor be rotated rapidly through 180^. 
"i’hen, if is consequent first throw of the galvanometer, we have from 
equation (31*24) 

H=- - ^, ai(l+A/2) (31-36) 

where is the number of turns in the earth inductor and the face 

area of its each turn and H the horizontal component of earth’s 
magnetic field. 

Dividing cqu. (51*35) by equ. (31*36), we have 

H (3.-57) 

n a ai 

This equation can be used to evaluate F if the constants of the 

search coil and the 
. — earth inductor are 
1 ! known and other 

i quantities are deter- 
T mined. 

mrrniiTTnTi rriirn iTTirPTi * base of the 

iJlljlililllll ; III III I! I III I iJ. galvenometer and 

release its coil. 

Tiiow light on the 
mirror of the 
galvanometer and 
r 1 get a bright spot of 

^ y light on the scale. 

Adjust the spot of 

^ light 00 the Scale at 

” zero. Connect the 

search coil S (Fig. 
K , 31*12) to a ballistic 

O galvanometer G in 

-vvvwwvAAAY^ series with an earth 

I inductor, including 

1 a key Kj in the 

-I i circuit. Also con- 

* nect a key Kg across 

Fig. 3i’i2 . the galvanometer. 


^[M 


VvVWW\.AA\yV^ 


666 


A TEXT-BOOK OF PRACTICAL PHYSICS 


Next by means, of compass needle, arrange the earth indnetor, 
when against one of the stops, so that its axis of rotation is vertical and 
its plane is perpendicular to the magnetic meridian. 

Now place the search coil in the gap between the pole-pieces 
of the electromagnet such that its plane is parallel to the plane of the 
pole-pieces. Then connect the field coils of the electro-magnet 
to the battery B in scries with a rheostat R and an ammeter A, including 
a plug key Kj in the circuit. By adjusting the rheostat R allow 
a steady current of suitable value to pass through the field colls 
and thus produce a steady magnetic field between the pole-pieces of 
the electromagnet. 

Next close key K-^ and rapidly withdraw the search coil from 
the gap between the pole-pieces of the electromagnet and note 
down the deflection of the spot of light on the scale corresponding 
to the first throw $iof the galvanometer. Then bring the galvanometer 
coil to rest. 

Next quickly rotate the earth inductor through 180® and 
observe the deflection of the spot of light on the scale corresponding 
to the first throw of the galvanometer. Then calculate the value 
of F from equation (31*37). 

Now alter the current / through the field coils of the electromagnet 
and determine as before the value of F for several values of/. Finally 
plot a graph showing the variation of F with /. 

Sources of error and precautions, (i) The base of 
the galvanometer should be carefully levelled and its coil unclamped 
before using it. 

(2) A tapping key should be connected across the galvanometer. 

(3) The earth inductor and the ballistic galvanometer should be 
at a considerable distance from each other and from the electro-magnet. 

(4) The connections in the galvanometer circuit should be 
made by twin flexible wires ; and when the search coil is between 
the pole-pieces, its plane should be parallel to the plane of the 
pole-pieces. 

(5) The search coil should be withdrawn rapidly from the gap 
b tween the pole-pieces of the electromagnet and to a considerable 
distance from it. 


(6) The axis of rotation of the earth inductor should be vertical 
and its plane perpendicular to the magnetic meridian, (see pre. 4,expt.3 1 *^) 

Observations. [A Constants of the search coil (given) : 

(/) No. of turns n 

(//) Face area of each turn a = sq, cm. 

[B] Constants of the caath inductor (given) 

(/) No. of turns ^ ^ ^ 

(//) Face area of each turn = sq. ems, 

[C] Horizontal component of earth’s field H = oersteds 
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[D] Determination of and ai.' ■; 
Rest position at spot of light 


Current in field coils ! St a. 


mm. j mm. 


gj/oj Mean 
i Oil 0-1 


oersteds 


Calcuiations, (/) Current in the field-coils 


5 = oersteds 

(N, J3. Make similar calculations of F for other values of current). 

Result, The strength of the magnetic field between the 
pole-pieces of the electromagnet for various values of current in 
the field coils arc given in the above table. 

Criticism of the method. It is a very convenient method 
for determination of strong magnetic fields and is especially suitable 
when the field is non-uniform and also when the space in which the 
field is to be measured is narrow, and is, therefore, in these respects 
superior to the earth inductor method of measuring magnetic fields. 
It should be noted that this method docs not requite a knowledge 
of the ballistic constant of the galvanometer and the resistance of 
the galvanometer circuit. 

31 * 7 . Eddy or Foucault currents. When a piece of 
metal, a metal disc, is placed in a varying magnetic field or 

whenever there is a relative motion between the metal piece and 
the magnetic field, the magnetic flux threading the metal piece 
changes and induced currents are set up in it. These currents are 
called eddy or Foucault currents. The electrical energy E^/R of 
these eddy currents is dissipated as heat in the metal and hence 
may cause the metal to become very hot. This is a source of great 
trouble in a metal apparatus placed in a; varying magnetic field 
and may be avoided to a great extent by increasing the electrical 
resistance of the apparatus. This is done by making the apparatus 
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from flat metal strips insulated from one another instead of in one 
s;)lid mass, iron core of transformers are made of thin laminations 
covered with oxide and riveted together. 

There are two chief applications of eddy currents : — 

(1) Damping or breaking the motion of a bodj. The body whose 
motion is to be damped is attached to a metal disc usually of aluminium 
placed in a magnetic field. The motion of the disc in the field 
induces in it eddy currents which, by Lenz’s law, are so directed as 
to oppose the motion of the disc. 

(2) Melting of metals, Eddy currents of considerable magnitudes 
are produced in the mass of metal to be melted by placing it close to 
aneddy cutreni: heater which is a device for producing high frequency 
oscillations of great intensity. The eddy current loss in the metal is 
Sufficient to raise it to red or white heat. This method is nowadays 
used in the degassing of metal parts of radio valves and in preparing 
alloys of metals by melting them in vacuum. 

Oral questions 

ELECTROMAGNETIC INDUCTION 

What is electro-magnetic induction ? State the laws of electro-magnetic 
induction. Upon what factors does the magnitude of the induced E. M. F. 
depend ? If the conducting circuit is not closed will there be any induced E. M. F, 
produced in it when the magnetic flux threading the circuit varies ? Upon what 
factors docs the strength of the induced current depend? What are the various 
ways in which the magnetic flux linked with a circuit may ^ be changed ? State 
Lenz’s law of electro-magnetic induction and explain how wdtb its help you can 
find the direction of induced current. What is Fleming*s right band rule ? Is it 
different from Lenz’s law ? What are eddy currents? Why are iron cores of 
transformers made of thin laminations instead of one solid mass ? What are the 
chief practical applications of eddy current ? Give examples. State some appli- 
cations of the phenomenon of electro-magnetic induction. 

SELF-INDUCTANCE BY RAYLEIGH'S METHOD 
What is self-induction ? How do you define co-efficient of self-inductance 
of a circuit ? State the factors upon which the self-inductance of a coil-dcpends. 
Define the absolute and practical units of self-inductance. What is the 
relation between them ? • How do you determine the self- inductance of a coil 
by Rayleigh's method ? What precaution do you observe in your experiment ? 
What is the special use of the double key ? Describe its construction. What is the 
harm if the connecting wires are coiled ? Why don't you use a Leclanche cell in 
this experiment as you do in other experiments with P. G. box ? Why should the 
ratio arms be adjusted to 10 : 10 or preferably to i : i if possible ? If the resistance 
of the coil is small how can you adjust the four arms to the same order ? Why 
should the balancing of bridge for steady current be perfect ? What Is the use of 
platinoid wire connected in the rheostat arm ? If the battery key. is kept depressed 
for a long time, wLy does the balance point alter? How do you prevent the 
heating of the coil while the bridge is being balanced ? Why should the resistance 
introduced in the arm of the coil to produce steady deflection be small ? What 
should be its approximate value ? How and why do you determine logarithmic de- 
crement ? While determining the period of the galvanometer why should the 
galvanometer circuit be kept open ? Do you know other method by which more 
accurate results can be obtained ? Is Rayleigh’s method suitable for determining 
the self-inductance of a coil having an iron core ? If not, why ? State some prac- 
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tical applications of self-inductance. Compare Scif-inductance with fnertia. Why 
docs the current take some time to attain its steady maximum value when allowed 
to pass through a circuit containing seif-inductance ? Why does an arc form 
at the switch when a motor is switcheci off? How are induction effects reduced to 
minimum in bifilat winding of resistance coils ? [See questions on ballistic galva^ 
nometer also at the end of Chapter XXXll]. 

DETERMINATION OF MUTUAL INDUCTANCE 

What is mutuaL induction ? Define co-efficient of mutual induction or 
mutual inductance of tw'o coils. Upon what factors does it depend? Is it the 
same for both the coils when any one of them acts as the primary and the othei 
as the secondary ? What are absolute and practical units of mutual inductance ? 
Describe how’ you find the mutual inductance of two coils. What precautions 
do you take in the experiment ? Why should the coils be placed away from the gal- 
vanometer ? Why should the connecting wares be straight? Can you use a 
Leclanche cell in place of accumulator ? If not, w’hy? What is logafjthmic 
decrement? Do you determine it on closed circuit or open, circuit of the galva- 
nometer and why ? What arc the main sources of error in this experiment ? Is the 
method also applicable lo coils having iron cores ? 11 not, why ? How can you 
determine the mutual inductance of two coils accurately? State some practical 
applications of a mutual induction. Why are there a large number of turns in the 
secondary of a transformer or an induction coil ? Why is the E. M. F. at break 
in the induction coil very high compared to that at make ? 

EARTH INDUCTOR 

What is an earth inductor ? What purposes is it used for ? How can 
you determine the strength of a magnetic field by^ it ? Upon w^hat factors does the 
E. M.F. induced in the coil depend w^hen k is rotated in the magnetic field? 
What type of E. M, F. do you get in this case ? Do its direction and strength 
remain constant during one complete rotation ? When is the magnitude of E, M. F. 
induced zero and when it is maximum ? How do you arrange the earth inductor 
before turning it through i 8 o° ? If it be vJtaally parallel to the field will you 
get any throw in the galvanometer. If not, why ? Howr can you determine the 
angle of dip by the earth inductor ? What precautions do you take in this experi- 
ment ? Why should the galvanometer be at a distance from the earth ^ inductor ? 
Why should the connections betw’een the galvanometer and the earthy inductor be 
made by flexible wires? What is the use of stops and spring fixed in the earth 
inductor ? Why should the rotation of the coil be exactly through 180 ° ? What 
is the harm if the coil were rotated through a complete turn or say one quarter of 
it? Why should the coil be rotated quickly ? Does the charge passing through 
the galvanometer depend upon the time of rotation through half a turn ? On what 
factors does the charge passing through the galvanometer depend ? Can you 
determine the field strengths of any magnitude by the earth inductor ? If so, how ? 
In what way is the earth inductor superior to magnetometer? What is the principle 

underlying the wording of dynamo used for generation of current ? 

SEARCH COIL 

What is a search coil and what is, it used for ? Why is it made so 
small ? How can you measure strong magnetic fields with it ? What is the use of 
earth inductor in this experiment ? Why shouM it be placed at a considerable 
distance from the electro-magnet ? Why should its plane be perpendicular to the 
magnetic meridian and its axis of rotation vertical ? What are the advantages of this 
method of measuring fields over the earth inductor method ? 



Chapter XXXII 

GALVANOMETERS, AMMETERS AND VOLTMETERS 

32*1. Galvanometers. Galvanometers are instruments 
which are intended primarily to indicate the existence of a current 
and which may, under certain circumstances, be capable of 

measuring it. The construction of galvanometers is based on the 
interaction between coils carrying currents and magnets. They 
may be in general divided into two classes as given below according 
as the moving part is the magnet or the coil. 

[AJ Moving-magnet Galvanometer. In this type the current 
is passed through a fixed coil which produces a magnetic field 
under which the magnet moves. 

[B] Moving-coil Galvanometer. In this type the current is 
passed through a movable coil placed between the poles of a 

powerful magnet. The coil moves on account of the interaction 
between its magnetic field and that of the permanent magnet. 

Galvanometers are also classified as pointer galvanometers 
and reflecting or mirror galvanometers according as a pointer or 

a mirror is attached or fixed to the moving part to note down its 
movement. 

32*2. Moving-magnet Galvanometers, (A) Galvanometers ©£ 
ordinary sensitiveness : — (a) Tangent Galvanometer. As dcscrib 
ed in §25*5, consists essentially of a small magnetic needle pivoted* 
or suspended at the centre of a circular coil and provided with a long 
light aluminium pointer which moves over a circular scale of 

degrees. To use the instrument the plane of the coil is set in the 
magnetic meridian and the current to be measured passed through 
it. If then 0 be the deflection of the needle from the magnetic 
meridian, the current is from equation (25*8) given by 

rH 

/ = — - tan $ 
zirn 

where r is the radius of the coil, n the number of turns in the coil and 
H the horizontal component of the earth’s magnetic field. If 
the values of r and n are accurately known, the tangent galvanometer 
can be used to measure current absolutely, for the value of H can 
be evaluated at any place by a quite independent method. The instru- 
ment possesses several disadvantages ; 

(1) The instrument can be used only in a particular orientation, 
with the plane of its coil in the magnetic meridian. 

(2) The deflection is not proportional to the current. It uses 
the tangent relation and hence becomes inaccurate at angles greater 
than 70°. 
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(5) The reduction factor depends upon the value of H which 
is affected by the presence of the magnetic substances and current 
bearing conductors. The evaluation of H requires a separate and 
highly accurate experiment. 

(4) The magnetic needle has a finite size and its poles move 
out of the coil as 6 increases. As a result the deficcting field is not 
proportional to the current. 

f 5) Unless the coil is exactly circular and has only a single 
layer, the value of r is also uncertain. 

(6) The instrument is bulky and the system of supporting the 
needle is not robust. 

The tangent galvanometer is not a sensitive instrument and 
hence is not suitable for use in null methods, e,g,y in Wheatstone 
bridge and potentiometer. 

(b) Sine Galvanometer. This instrument closely resembles 
tangent galvanometer and consists essentially of a small magnetic 
needle pivoted or suspended at the centre of a coil of large radius. 
Tbe coil in this case is capable of rotation about a central vertical 
axis, the rotation being read off on a horizontal circular scale at the 
base. When the current is passed through the coil, the needle 
is deflected. The coil is then rotated about the vertical axis until 
the coil overtakes the deflected needle and both the needle and the coil 
lie in one common plane. The deflecting field F is then perpendicular 
to the magnetic needle and in the* equilibrium position 



2 IT n t ^ ^ 

sin $ 

' ' ^ ' 


whence 

rH . ■ 

/ = ■ Sin ^ ■ 

zw 


or 

i=K sin 0 

( 32 ‘i) 

where K = 

^ j|*- j||* 

is the reduction factor of the sine 

galvanometer. 


z V n 


Since the maximum value of sin ^=1, it is clear from equ. (jz'i) 
that the maximum current which may be measured by means of 
this instrument is equal to K. For currents greater than K, the 
coil cannot catch up the needle when the former is rotated and 
hence it is then impossible to make the needle lie in the plane of 
the coil. The sensitiveness of sine galvanometer increases as § 
increases and is maximum when ^=90®. The instrument possesses 
he advantage that deflections up to 90® may be used, 

(c) Helmohoitz or Double-coil Tangent Galvanometer. As 
described in § 25 "6, it is a modification of the ordinary tangent 
galvanometer in which the deflecting field has been made uniform by 
placing the magnetic needle midway between equal circular coils, moun'- 
ted vertically at a distance apart equal to the radius of either and 
connected in series. When the coils are parallel to the magnetic 
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meridian, the current passing through them is from equation (25*16) 
given by 

. rll _ ^ 

/— t?.n 0 


or 

where 



32 ir « 
K tan ^ 
W\rU 


la the case of above galvanometers, the deflections are generally 
measured with the help of a pointer. The accuracy in reading deflections 
in such a case can be increased by increasing the length of the pointer. 
For great accuracy , however, the pointer-over-scale system of measuring 
deflection is dispensed with and deflections are measured with the 
help of a mirror and iamp-and-scaic arrangement. In a mirror galva- 
nometer, if the deflections are not large, the current is proportional 
to the displacement of the index produced by it. This is a very great 
advantage in practical work. 

(B) Galvanometers of high sensitiveness. There are three 
methods of increasing the deflection due to a current of given strength 
in the case of moving-magnet galvanometer : 

(1) By increasing the deflecting field ijr. This can be done 

by increasing the number of turns « in the coil and by decreasing 
its radius r. But number of turns cannot be increased beyond 
a certain limit firstly, because this increases the resistance of the coil 
and secondly, because the value of r then becomes uncertain as the 
turns are not coincident. Further it is not desirable to make r very 
small otherwise the magnetic needle will not lie in uniform field and 
the tangent relation will not hold good. 

(2) By decreasing the controlfield B., This is done with the help 
of a control magnet so placed that its field at the centre of the coil 
is in the opposite direction to that of the earth. By adjusting the 
position of the control magnet with respect to the coll, the controlling 
field H can be reduced as much as you please. When the field due to 
the control magnet is 
made equal and opposite 
to the earth’s field, the 
resultant controlling field 
is aero. In such a case the 
torsion of suspension 
provides the necessary 
restoring couple. 

(3) % '^he use of 
an astatic pair of needles. 

An astatic pair consists : j , .< ■ 

of two light magnetic ■ - , ^ ! c - 

needles (Fig. 32*1), fitted^ ^^^^^^^^^ 
in a light frame with .-y 

their axes ^ parallel to each other and with their dissimilar poley 
pointing in the same direction. The needles are magnetised nearls 
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equally and are suspeaded one inside and the other outside a flat 
coil of a large number of turnSj the needle lying parallel to the 
plane of the coil. Flattening of the coil is equivalent to a reduction 
of the radius and thus increases the sensitiveness of the instrument. 

When a current passes through the coil, the two parts of the 
coil field, one around the needle outside the coil and the other 
around the needle inside the coil, are in opposite directions and 
since dissimilar poles of the needles are also pointing in. the same 
direction the needles are acted upon by couples tending to deflect 
them in the same sense. If and Mg be the magnetic moments 
of the two needles, the deflecting couple exerted on the astatic pair 
by the coil field is proportional to (M^^+Mg) roughly. Further 
since the controlling field is practically uniform and similar poles 
of the needles are oppositely directed, the controlling couple is 
proportional to H (Mi—Mg). Thus by . using an astatic pair, the 
senstiveness can be increased by (Mi+Mg)/(Mi — Mg) times roughly. 
If the restoring couple due to the controlling field is 

zero ; in such a case a torsion suspension must be used to provide 
the necessary restoring couple, otherwise the system will become 
unstable and all currents weak or strong would produce a deflection 
of 90® and there would be no return of the needle to zero. 
Sometimes the needles are placed in separate coils one above the 
other wound oppositely so as to produce deflecting couple on each 
of the needle in the same sense. 

A galvanometer using an astatic pair is very sensitive and can be 
chiefly used to detect minute currents in Wheatstone bridge experiments. 
But such a galvanometer suffers from two disadvantages : (i) The 
absolute value of current cannot be measured for the value of the factor 
(Mi+M2)/(Mi — M g) is unknown and (2) it cannot be relied upon to 
give the same deflection from day to day for the same value of current 
as and Mg may change, 

(a) Kelvin’s Galvanometer. It consists of a'small, light and very 
carefully magnetised strip of steel attached by 
shellac or cement to the back of a small mirror 
m (Fig, 3 2*2) and suspended by a single fibre 
of unspun silk inside a small circular coil. The 
coil is wound on a small circular reel R enclosed 
in a cylindrical brass box B with a glass window, 
the length of the wire wound on the h reel 
depending upon the sensitiveness required. 

Above the coil is supported a permanent 
controlling magnet NS to vary the sensitiveness 
of the galvanometer. The deflections are 
measured by the mirror and lamp-and-scalc 
method. The galvanometer can detect currents 
of the order of lo*® amperes. 

The most modern form of this galvanGmeter 
is the Kelvin’s high resistance astatic galva- 
ndmeter in which the parts are doubled and 
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the moving system thereby made astatic. It consists of fwo sets 

of three or four very small magnetic 
needles (Fig. 3 2*3) attached to a light 
aluminium wire and smpeiided by a 
fine quarts; or silk fibre between two 
pairs of coils as shown. The needles are 
arranged in astatic order, with the 
N-poles of the upper set pointing in 
the same direction as the S-poles bT A^ 
lower set. For more delicate adjustment, 
the instrument is generally provided with 
two controlling magnets which may be 
adjusted either to weaken or to strengthen 
each other’s effect. The mirror is placed 
either between the coils or under lower 
coil on an extension of the aluminium 
support. The galvanometer is very 
sensitive and can detect currents of the 
order of 10*® amperes. 

(b) Broca 
Galvanometer. This 
is the most sensitive 
moving magnet 
galvanometer and 
consists of an astatic 
pair suspended by a 
fine quartz fibre 
inside the coil which 
is wound in two 
halves and arranged 
Fig. 32*3 with respect to the 

needle as shown (Fig. 32’4). The astatic 
pair consists of two steel wires, carefully 
magnetised, placed vertically and very close 
together, each having consequent poles. This 
form makes it possible to use comparatively 
powerful needles, whilst keeping the moment 
of inertia small, and at the same time it 
is very astatic. The deflections are measured . ^ 

by means of small mirror and lamp-and-scale j v 

arrangement. The instrument can detect currents 
of the order of 10-^^ amperes. The sensitive- Fig. 32*4 
ness can be varied by a control magnet at the back. 

Both the Kelvin and Broca galvanometers are very sensitive 
ubt they possess the disadvantage that the deflections are readily 
disturbed by the presence of magnetic materials or of current 
bearing conductors in their vicinity, which makes it very troublesome 
for ordinary experimental work. 
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^ ^ or Movifig coil Galvao-oiReter. , A 

moving-coil galvanometer consists of a narrow rectangular coil of 
many turns of fine silk-covered copper wire suspended (Fig. 3 2* 5 a) 
or pivoted (Fig. 3 2* 5 b) so as to move freely in a narrow annular 
space between the pole-pieces of a powerful steel horse-shoe magnet. 
The pole-pieces of the magnet are made of soft iron and arc 
hollowed out to make them cylindricaily concave in shape. This 
makes the field radial (Fig. 32’5c). Within the coil is fixed ft 
cylinder of soft iron which serves to concentrate the lines of force 
in the gap thus making the field in the gap strong and practically 
aniform. The coil is wound on a light frame-work which is either 
of metal or of non-conducting material, according as a dead-beat 
(§32*5) or a ballistic (§32*6) action is required. 

In the suspended coil type, the suspension is a fine rectangular 
^ strip of phosphore-bronize which 

also serves as one of the current 
' j leads to the coil. These rectangular 

strips have very small torsional 
y rigidity and hence the twist for a 

given couple is much greater and 
the stress on the material, much 
less than with a wire of circular 
cross section. They possess an 
additional advantage of oiiering a 
comparatively large surface area for 
II the dissipation of heat produced 

t by the current. Connection to 

— ^ the other end of the coil is 

made by means of a very light 
jj -r -n, metal spring attached to the 

/////' bottom of the coil by a wire. The 

/ //// spring is made of a very fine strip 

///// ^nd consists of relatively large turns 

/// / / so that it shall exert only a small 

^ controlling couple on the coil. 
////// In the pivoted coil type, the 

////// coil rests vertically on two jewelled 
/ ///// pivots and working loosely within 

{///// K I ^ ^ brass pillars. The motion of 

iZl/Z/A " \/////A the coil is controlled by two light 

S metallic springs attached to the 

^ bottom and top of the coil and 

m coiled in opposite directions to 

neutralise the effect of rotation of 
the coil due to variation of 
52^*5 ^ temperature in the springs. The 

current leaves and enters the coil 
through these two springs. 
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When a current flows through the coil, forces act in contrary 
directions on the oppo- 
site sides of the coil, 
a couple acts on the 
coil which tends 
to make it set at right 
angles to the field so as 
to enclose as , many 
lines of force as possible. 

If A be the face 
area of the coil, « 
the number of turns 
in it, H the uniform 
field in which it moves 
and / the current in the 
coil, the deflecting 
couple is equal to YiKni, 

The motion of the coil is Fig. 32*5 {b) 

resisted by the controlling couple QB furnished by the torsion of the 

suspension in 
the suspended 
coil type and by 
the springs ■ in 
the pivoted coil 
type. ' : The ■ coil 
in consequence 
: takes y up an, 
intermediate posi- 
tion in which 
the deflecting and 
the controlling couples balance each other, where 




HA«/=C^ 

whence 


Hs;'’ 

or 



where K== 

: C ■ ■ 

HA« 


Thus for radial field the deflection is directly proportional to the 


strength of the current. The deflections are observed by means of 
a pointer or a beam of light reflected from a small mirror attached 
to the rigid support of the coil. 

If the field is not radial, then as soon as the coil rotates from 
its rest position in which it lies with its face parallel to the field, 
the couple is reduced to HA^/ cos where 0 is the inclination of the 
plane of the coil to the field, and 

C # == HA«i cos ^ ^ ^ ^ ^ ^ 


\ 
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whence 


B:'. : 

AH« cos B 


A scale which varied as S/cos 0 would be very inconvenient and 
hence the desirability of making the field radial which gives a 
linear scale. 

The instrument can detect currents of the order of lo*"® 
amperes and possesses the following advantages : — 

(1) It is practically independent of the earth’s magnetic field 
since no sensitive magnetic needle is used. 

(2) The field in which the coil moves is so strong that other 
external magnetic fields do not affect the readings to any appreciable 
extent. This effect can be still farther reduced by magnetic 
screening. 

(3) It is remarkably dead-beat (see § 52*5) in its action w^hen 
the coil is wound on a metallic frame, the damping being produced 
by eddy currents. Further, when the current is stopped any 
oscillation of the coil may be prevented by short-circuiting it for a 
moment. 

(4) It may be set up in any convenient position. 

(5) The deflection is directly proportional to the current, 
and the evenly divided scale is a great advantage in practice. 

(6) The instrument can be made very sensitive by increasing 
the number of turns in the coil and decreasing the value of C, the 
controlling couple per unit twist. 

32*4. Sensitiveness or Figure of Merit of a Galvanometero 
In the case of pointer or non-reflecting gaivanoineters, 
sensitiveness is defined as the deflection in degrees produced by 
a current of one micro-ampere. Alternatively, the figure of merit is 
defined as the current in amperes necessary to produce a deflection 
of one degree. In the case of reflecting galvanometers, the sensitiveness 
is usually defined as the number of mms. deflection on a scale 
one metre away by one micro-ampere:^ and the figure of merit 
as the number of amperes required to produce one mm. deflection 
on a scale one metre from the galvanometer mirror. 

Escercise. To determine the figure of merit of a reflecting 
galvanometer. 

I. Method, Shunt the reflecting galvanometer with a low 

E . - resistance wire and then 

connect it through a 
commutator to an 
accumulator of known 
E. M. F., E connected in 
series with a variable 
high resistance R (Fig. 
52’ 6) , usually of the or- 
der of megohm. Adjust 
Fig. yzvo the resistance R so 

that the spot of light remains on the scale when the current is started. 
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Note down the deflection in mm. on the scale with the current 
direct and reversed and find its mean value. If S be the resistance 
of the shunt and G that of the galvanometer, the main current 
is given by 

' ■ E . 




SG 


very small when 
the current divides 


S-|-G 

the resistance of the accumulator, being 
compared with R, has been neglected. Since 
through the shunt and the galvanometer in the inverse ratio of 
their resistances, the galvanometer current is given by 

p g ■ 

ig = X -^XTT amperes 


R+- 


S+G 


S+G 
ES 

If the deflection on the scale be 8 mm., the figure of merit of the 
galvanometer is given by 

amp. per mm. 

IL Methods Take a P. O. box and connect an accumulator 
of known E. M. F., E in the usual 
^battery arm^ AC through a 
tapping key K^. Connect the 
galvanometer in the usual 
^galvanometer arm’ BD through a 
commutator K^. Adjust P=to 
ohms,Q= 1000 ohms and R=50oo 
to loooo ohms, leaving the 
usual ^unknown resistance arm’ 
disconnected. Press the key Kj 
and note down the deflection on 
the scale in mm. with current 
direct and reserved and thus 
determine the mean value of the 
deflection for a current in the 
galvanometer. 

Assuming the cell resistance to 
be negligible and applying 
Kirchhoff’s II law, we have for 
the circuit ABDA (Fig. 32*6^) 

(f— /g) P—Zg G— /g R=o 
or / P— ig (P+R+G) == o (ja'a) 
and for the circuit ABCEA 

(/«/g) P+f' 

or i (P+Q)-^g (32*3) 

Multiplying ecm. (32*2) by (P+Q) and equ, (32*3) by P and then subtract- 
ing equ, (31*2; from equ. (32*3), we have 
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^'g [ (P+Q) (P+R+G)-P®] =EP 
or rg [(P+Q)(R+G)+PQ]=EP 

(P+Q) (R+G)+P Q 

Since P<1<SR, we can neglect PQ in the denominator and hence 


E P / 

(P+Q) (R+G) "• 

If 8 mm. be the mean defiection, the figure of merit of the galvanometer 
is given ' by 

7 j=igl 8 amp. per mm. 


The value of /g can be known from equ. (32*4). 

32*5. Meaning of term ‘Dead-beat* and Methods of 
Damping. When the moving part of a galvanometer, if disturbedj 
continues to vibrate about its equilibrium position for a long time, the 
amplitude of vibration gradually diminishing until it comes to 
rest, the galvanometer is said to be periodic. But, if the moving 
part of a galvanometer, if disturbed, rapidly comes to rest, its 
motion is said to be 'damped* and if the damping is critical, 
such that the vibrations are almost instantaneously completely 
stopped, the galvanometer is known as ^dead-heaf or 'aperiodic.* 

When current is passed through a periodic galvanometer, then on 
account of oscillation, the moving part does not at once attain the 
corresponding deflection, and hence some time elapses before a 
reading can b^e taken. Similarly, when the current is stopped, the 
moving part takes some time to come to rest. On the other hand, when 
current is passed through a dead-beat or aperiodic galvanometer the 
moving part almost instantaneously reaches its steady position 
without overshooting it, and when the current is stopped 
it returns to zero with the same rapidity. Consequently dead-beat 
galvanometers are very suitable for the measurement of steady 
deflections and are, therefore, especially used In 
all null methods. It should be clearly understood 
that in dead-beat galvanometers, the damping does 
not alter the final position of the moving part, 
but simply enables it to attain that position in 
a shorter time. 

There are three systems of damping in general 
use^ : — 

(a) Air Friction Damping. There are two 
methods of applying air friction damping. In 
the first method two vanes (Fig. 32*7) made 
of thin aluminium sheet are mounted on 
the spindle of the moving system and move in a 
closed, sector-shaped box. 

Fig. 32*7 In the second method a light aluminium 

piston F (Fig. 3 2*8) is attached to the spindle S of the moving system 
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and moves in a rectangular or circular air chamber C closed at one 
end, the clearance 
between the piston 
and the walls of 
the chamber being 
about a few thou- 
sandths of an inch. 

When the piston 
moves rapidly into 
the chamber, the air 
in the closed space 
is compressed as a 
result of which it 
exerts pressure and 
opposes the motion 

of the piston and Fig. 32*8 

hence that of the whole moving system. When the piston 
moves out of the chamber rapidly, the pressure in the closed space 
falls, and as the pressure on the open side of the piston is then 
greater than that on the other side, it opposes the motion of the 
piston. In this damping system care should be taken to ensure 
that the arm of the piston is not bent, otherwise the piston will touch 
the walls of the chamber and a serious error will result in the deflec- 
tion. This method is more eflScient than the first one. 

(h) Fluid Friction Damping. In this method a disc (Fig, 32*9) 

attached to the spindle of the 
moving system ippe dipped 
completely into a pot of 
damping oil. As the disc rotates, 
its motion is opposed by the 
viscous drag which increases 
with the speed of the rotation 
of the disc. In order to avoid 
surface tension effects, the 
suspending stem of the disc 
should be cylindrical and of 
small diameter where it enters 
the oil surface. 

Increased fluid friction 
damping can be obtained by 
the use of vanes in vertical 
Fig. 32*9 planes, carried on a spindle 

and Immersed in oil as shown in fig. 32*10. 

The method of fluid friction damping suffers from two 
disadvantages, firstly it can be used only in instruments which are 
used in a vertical position and secondly, owing to creeping of the 
damping oil, it is difficult to keep the instrument clean. 

(^') Electromagnetic or Eddy Current Damping. This method of 
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damping depends upon the fact that when a sheet of conducting 

material is rota ted in a magnetic^ 
so as to cut thtough lines of 
/ ^ force, eddy currents arc set up In 

/ ■ 1 i I li^lYKX magnitude being 

/ /f pSl^ ! H I l/'n* p3:oportionai to the velocity of 

/ /r ri movement of the conductor, 

ft Psi-V' 1 hif\ \ On account of interaction between 

{j{ jljjj 1 1^1 I j!jl these currents and the permanent 

I uMPi 1 I Mi// tnagnetic field, a force acts on the ; 

\ \ h //\ ^ l^i ' v W / conductor in a direction opposing 
\ \!W I// its motion. The magnitude of the 

\xn I 1 \\x / force is proportional to the magne- 

tic field and to the currents, and 
' hence to the velocity of movement . 

p. ^ of the conductor. The damping 

force is, therefore, Msero when there 

is no movement of the conductor 


There are two methods of applying electro-magnetic damping 
A tn instruments using 

p JL permanent magnets. 

' ' In the first method a* 
^ r"ZI ZI ihin discD (Fig. 32*11) 

^ . P ' JK ' !!| j> ^ ^ conducting but 

rial, usually copper or 
aluminium, is moun- 
V ted on the spindle S 

Fig. 32- 1 1 which carries the 

pointer P of the instrument, the edge of the disc being in the 
gap of the permanent magnet M. When the spindle rotates, the edge 
of the disc cuts through the lines of force in the gap of the 
magnet. This produces eddy currents in the disc which damp the 
motion of the disc and hence that of the spindle, 

in the second method the coil is wound on a light metal 
former P (Fig. 32*12). 

As the coil rotates in »— — ^ ^ — : 

the field of the 

permanent magnet \r\ 

NS, eddy currents are Ni IP " 

produced in the metal JJ 

former and the coil is ^ ^ OA ATi 

rapidly brought to 

'rest. In, this case 'the ^ 21 ™— — ■, 

damping depends ■ : , , ' . 

upon the magnitude ^^8* 3 ^’^^ 


Fig. 32*12 


of the external resistance and is often very high for a low 
external resistance, ' : 
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In moving-magnet galTanometers, electro-magnetic damping 
is produced by placing a disc of copper or aluminium under the 
magnet. As the magnet moves, eddy currents are produced in 
the disc which oppose the motion of the magnet. The damping 
can be increased by enclosing the magnet in a metal case. 

32*6. Ballistic galvanoinetet. When a transient current, 
a current of very short duration, the discharge of a condenser, 
passes through a galvanometer, its movable part, the magnet or the 
coil, experiences only a sudden impulse. This impulse produces a swing 
or throw of the movable part of the galvanometer which then performs 
a number of oscillations about its position of equilibrium with gradually 
decreasing amplitude and finally settles dowm to rest again. If the du- 
ration of impulse on the system is very small compared with a quarter of 
its period so that the whole of electrkitj passes through the galvanometer before 
its movable part has moved sensibly from its ^ero position, the magnitude of 
the swing of the galvanometer is independent of the duration of 
impulse, and farther if the motion of the movable part is entirely undamped 
so that no energy is lost during the swing, the magnitude of tht first 
swing or throw, for a given galvanometer, is dependent only upon 
the quantity of electricity passing through it. A galvanometer which 
satisfies the above two conditions is known as a ballistic galvanometer 
and is used to measure a quantity of electricity passed through it. 

It is evident from above that a ballistic galvanometer is not a 
galvanometer of any special type or construction, but any pattern 
whose period of oscillation is large, usually 10 to 15 seconds and in 
which the damping is negligibly small can be used as a ballistic 
galvanometer. The period of oscillation of a galvanometer is given 
by , ' 

T= 


' 7 ? 


where I is the moment of inertia of the movable part about the 
axis of rotation and c the restoring reactional couple per unit twist. 
Hence the period of the galvanometer can be made large by increasing 
the moment of inertia of the movable apart and by reducing the control- 
ling forces. The moment of inertia is increased by loading the mova- 
ble part while the controlling forces are reduced by the use of quartz fib- 
res or phpspho-bronze strips as suspensions which have small torsio- 
nal rigidity. In moving coil ballistic galvanometers which use non- 
conducting materials for suspension, the current is led into the coil 
by delicate spirals of very thin copper strip. 

The damping of the motion of the movable part of 
the galvanometer consists of air damping and eddy current or 
electro-magnetic damping. The air damping is usually very small and 
the electro-magnetic damping is minimised by winding the coil on a 
non-conducting frame, of wood or ebonite and by using a non- 
metaiiic case. In the moving coil galvanometer electro-magnetic dam- 
ping is dependent upon the resistance of the external circuit and is 
sujfficiently high when the external resistance is low. 
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As indicated above both the moving magnet and the moving-c«ii 
galvanometers are used for ballistic purposes. In the moving-magnet 
type the magnet is set initially at right angles to the axis 
of the coil so that when the current passes, the deflecting and the 
controlling fields may be mutually at right angles. If then | be 
the magnitude of the first swing or throw of the magnet when a 
quantity Q is passed through the coil, it can be shown that 


where H is the intensity of the restoring field, G the galvanometer 
constant, Le,^ field due to unit current in the coil and T the period 
of oscillation of the magnet. Thus the quantity of electricity passing 
through a moving magnet ballistic galvanometer is proportional to 
the sine of half the angle of the first throw. 

For a moving coil galvanometer, the relation between the 
quantity of electricity passed through the galvanontcter and the 
consequent magnitude of the first throw is given by 


where r is the torsional rigidity of the suspension, H the field of 
the permanent magnet, n the number of turns in the coil, A the 
face area of the coil and T the period of the galvanometer. Thus 
the quantity of electricity passing through a moving-coil ballistic 
galvanometer is proportional to the magnitude of the first throw. 

The above relations between Q and B are derived on the 
assumption that the motion of the movable part of the “galvanometer 
is entirely undamped and that no energy is lost during the swing. 
But this is not the case in practice for there is always some 
air damping present. The result is that the observed throw is less 
than what would be if there were absolutely no damping. Hence 
to get the value of undamped throw of the galvanometer, the 
observed value of B should be multiplied by ^damping factor.’ It 
can be shown that the value of this correcting factor is (i+Xjz), 
where A is the logarithmic decrement. Hence the complete expres- 
sions for the quantity of electricity passing through the tw# types of 
galvanometer are 

for a moving-magnet ballistic galvanometer ; and 

Q= Z J A ^ As (32.6) 

for a moving-coil ballistic galvanometer. The value ®f logarithmic 
decrement A may be calculated from the expression 

\ Ino- + 
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where &n is the throw of the galvanometer. While^ determining 
the value of the galvanometer should be in the circuit of the 
experiment. 

In actual oracticc, ballistic galvanometers are reflecting 
instruments and the value of $ under ordinary circumstanGes does 
not exceed 6 or 7 degrees. Hence, if d be the movement of the spot 
of reflected light on the scale corresponding to we have, siiice 
the angular motion of the spot of light is twice that of the mirror 

Sin 6 jz=^$lz and id ^ dJL 

where L is the distance of the scale from the mirror. Thus for 
small angles 

d^djiL and sin djz=^djz=dl4L 

Putting these values of | and sin S/a in equations (32*5) and (32*6) we 
have, for a moving-'magnet galvanometer 

^ ^ (i+A/z)=Ki^ (i+A/ 2) 


where Kr 


H T 


is the ballistic constant of the moving-mag- 


CS‘ ~7t‘ 4L 

net galvanometer ; and for a moving-coil galvanometer 

' (i+A/2)==Ka</ (i+A/z) 


«AH* 2ir‘ 2 L 


^ i I 

where Ko= —-tv. — . -t- is tlie ballistic constant of the moving- 

■ jyAH 27 r zL 

coil galvanometer. 

In fact the equation which holds generally for all types of 
galvanometers, provided that the deflections are sufficiently small, 
can be written as 

Q-Ki (1+A/2) 

where K is the ballistic constant of the type of instrument used. 

While noting down the deflection of the spot of light on the scale, 
the scale is usually kept at a distance of one metre from the galvanometer 
mirror. Hence using the above equation we may define tie ballistic 
constant of a galvanometer as the charge required to produce a deflection of 
one millimetre of the spot of light on a scale placed at a distance of one metre 
from the galvanometer mirror ^ in the absence of damping. 


Experiment 32.1 

Object, To determine the ballistic constant of a ballistic . galvano- 
meter by the steadj deflection method. 

Apparatus. A ballistic galvanometer whose ballistic constant 
is to be determined, a lamp and scale arrangement, a Post Office box,, 
an accumulator, a voltmeter, a commutator and a stop-watch. 
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Tlieoty* We know that the bailistic constant K of a balHstk 
galvanometer is connected to its figure of merit ’I by the relation 

K=,. ^ (5^-7) 

where T is the period of the galvanometer. Thus, if the figure of 
merit ^ of the ballistic galvanometer is determined and its period T 
observed, the ballistic constant K of the galvanometer can be calculated 
from the above equation. 

To determine the figure of merit ^ of the galvanometer, it is con- 
nected in the usuargalvanomcter arm’ BD of a post office box as shown 
in fig. 32*13. Then keeping the usual 'unknown resistance arm’ CD 



Fig. 32*13 


of the post office box disconnected^ if an accumulator of known E. M. F. 
E connected in the usual 'battery arm’ AC, produces a steady deflection 
S on the galvanometer-scale, the figure of merit of the galvanometer 
is from equa. (52’4) given by 

(P+Q) (R+G)- 8 ’ 

where P and Q are the resistances in the ratio arms, R the resistance 
in the rheostat arm of the post office box and G the resistance of the 
galvanometer. 


The above equation can also be written as 



EP I 

(P+Q)v • S 


(32*9) 


so that, if Si and 82 ^-re the steady deflections on the galvanometer-scale 
for two values Ri and resistance in the rheostat arm, we have 
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and 

which ,®a 


whence 


R,+G== 

R2+G= 


— E.2 


EP 

I 

(P+Q) 1?" 

X 

EP 

I 

(P+Q) 7 ]* 

82 

ives 


EP 

Yi- 

(P+Q) -n' 


EP 


- (PH-Q) (R,-R,)- 


t) 

(i-i) 


(52-10) 



This equation can be used to calculate the figure of merit rj of the 
galvanometer, without requiring any knowledge of its resistance G. 

Alternatively, steady deflection S for various values of R 
in the rheostat arm are observed and 
a graph plotted taking R along the Y 

X-axis and i/S along the Y-axis. This 
will come out to be a straight line as 
shown in fig. 32’i4> and as is evident 
from cqu, (32*9), its —ve intercept 
on the X-axis will give G, for when 
1/8=0, R= G. Using this value 
of G the figure of merit V of the 
galvanometer can then be calculated 
from cqu, (32*8), 

Method, Level the base of the ballistic galvanometer by means 
of the levelling screws and release its coil. Throw light on the mirror 
of the galvanometer and get the bright spot of reflected light on the 
scale set up at a distance oi one metre from it. Adjust the spot of light 
on the scale at zero. Connect the galvanometer in the usual ‘galvano- 
meter arm’ BD of the post office box through a commutator K and an 
accumulator in the usual ^battery arm’ AC, leaving the arm oPunknown 
resistance’ CD disconnected as shown in fig. 32*13. 

Adjust the ratio arm P to 10 ohms, the ratio arm Q to 1000 ohms 
and the rheostat arm R to a high resistance, say 5000 ohms. Press the 
battery key and note down the steadj deflection of the spot of Hght 
produced on the scale. Then reverse the current through the gal- 
vanometer with the help of the commutator K and again note down 
the steady deflection of the spot of light on the scale. Thence find the 
mem value of the galvanometer deflection 8 for the resistance R= 5000 
©hms in the rheostat arm. 

Now keeping the resistances P and Q in the ratio ^tms ths sami^ 
increase the resistance R in the rheostat arm in steps of 1000 ohms and 
determine the mean value of 8 as above for at least six values of R. 

Next measure the E. M. E. of the accumulator With a voltmeteri 
and noting down the time of oscillation of the galvanometer coil for 
a known number of oscillations, also determine the period of the gal- 
vanometer. 
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Piot a graph taking the various values of resistance in the rheostat 
arm of the post office box along the X-axis and the corresponding 
values of reciprocal q£ deflection S along the Y-axis. This will come out 
to be a straight line as shown in fig. 3 a’ 14. Measure its negatm 
intercept OR on the X-axis which gives G, the galvanometer resistance. 
Finally calculate the figure of merit of the galvanometer from equations 
(32"8) and (32*10), and the ballistic constant from equ. (32*7). 

Sources of error and precautions, (i) The base of the 
galvanometer should be carefully levelled by means of the levelling 
screws and the coil should be undamped. 

(2) A tapping key should be connected across the galvanometer 
terminals in order to bring the galvanometer coil to rest in a short time 
by tapping the key, when so desired. 

(3) In the case of plug type of post office box all sockets must 

be clean plugs made Z/gM 

(4) The accumulator connected in the usual battery atm of the 
post office box should be fully charged so that it may have a constant 
E. M, F., thus producing steady deflection in the galvanometer. 

(5) The scale should be set up at a distance of one metre from the 
galvanometer mirror. 

(6) The resistance R in the rheostat arm should be very large 
when compared to the resistance P in the ratio arm so that the latter 
may be neglected in comparison to the former. 

(7) The graph between i/S and R should be smoothly drawn with 
(o, o) at the origin. 

(8) While determining the period T of the galvanometer, the 
galvanometer circuit must be kept 

Observations. [.^] Determination of figure of merit of galvano- 
meter. 

(/) Measurement of S for different values of R 
Rest position of spot of light=zero. 


S. No. 

: Ratio 

arms 

Rheostat 

j Deflection 

1 8 in 

1 galvanome- 
1 ter in mm. 

1/8 

P 

ohms 

Q 

ohms 

ajun 

ohms 

" . ■ i 

in (mm.) -i 


‘j 

10 

1000 

■ 5000 


a 

2. 

,i', ■ ■ 

W 

6000 , 1 


b 

3. 

I' ■ . *9 ' 

i 

« 1 

; . -j 

7000 1 


d 

4. 

1' - , ■ ■*» 

99 

' 8000 i 

i 


e 

5 * 

99 

! »* 

9000 I 


f 

6. 

■*> ,1 


lOOOO i 

i 

} 

M 



Iti— R2-3000 
ohms 


Mean 


X 
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(//) E, M. F. of the accumulator — volts 
[B] Determination of period of the galvanometer. 


S. No. 

No. of oscilla- 
tions 

■ Tit 

ne 


Min, 

See, 

Period I 


1 

1 

j ■ 

i 




Mean ; 

[; 


Calculations. From equ. (32*10) 


EP / I 

’’ (P+Q) (Rx-R*)‘ \ax 

EP 

“(P-fQ)(Rx-Ri)-^ 

= amp./mm. 



From graph (32*14) 

Galvanometer resistance G == intercept OR= ohms 

[Using this value of G prepare the following table from table No. 


S. No 

R 

ohms 

(R+G) 

ohms 

8 

mm. 

(R+G)S 

ohmsxmmj 

I. 

5000 




2. 

6000 




?• 

7000 




4. 

8000 




5 * 

9000 

. - ■ 1 



6, 

' 10000 




Mean . 





GALVANOMETERS, AMMETERS AND VOLTMETERS 

EP 

“ (P4-Q) (R+G)8 

EP 


689 


“(P+Q)-.y 

= amp./moQ. 

Mean value of n= amp./mm. 

T 

Hence K = ij. 


Zir. 


are u: 


= coulombs/mm, 

Hesulte The ballistic constant of the ballistic galvanometer 
= coulombs/mm, 

izy. Ammeters. Amperemeters, or ammeters as they 

Lsuallv called, are instruments used for the measurement ot 
, . .. nri_ ^ ort ammeter 


current” dkectly ia amperes. To measure a current, an 
is inserted in the circuit so that the whole current to be measured 
passes through it. This introduction of the instrument into the 
circuit must have least possible influence on the circuit, t.e., tne 
instrument must be able to record the value of the cmrent without 
changing it. In addition the ‘voltage drop’ IR across the instrumen 
and ^the power loss PR and consequent heat produced th 
instrument must, in spite of large currents, be negligible, ims 
requires that an ammeter should be a low resistance instrument. 
Consequently the coil or the wire used in an amrneter is always 
of low resistance. When the resistance of the cod is 
it is shunted with a wire of very low resistance. The shunt maKes 
the total resistance low as well as allows most of the current to pass 
through it so that only a safe part goes through the coil. 

There are three types of ammeters in common use: 

(a) Moving iron, (f') Hot wire and (f) Moving coil. 

fal Moving iron ammeter (i) type- It consists of two 

^ rods A and B (Fig. 3^-15) of soft 

iron lying inside and parallel to the 
axis of a long coil C. One of the 
rods A is hxed and the other B is 
pivoted and attached to a spindle 
carrying a pointfi. When the 
current to be measur^ is passed 
through the coil, the hon rods are 
similarly magnetized and the repulsion 
of the movable rod from the fixed 
one ensues. With the movement of 
Fig, 32*1 5 the movable rod, the pointer is deflected 

on the scale until equilibrium is estabhsbed by 

provided either by a balance weight W^^ o^ spring. The scale 

44 
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4/y 

Damping 

Chamber 


is graduated in amperes so that by noting the position of the point 
on it, the current can be read off directly. 

Qi) Attraction It consists of a coil A and a soft iron core 
C mounted eccentrically (Fig, 

32’i 6). The iron core is made of 
several thin discs of soft iron. 

When the current to be measured 
is passed through the coil, a mag- 
netic field is set up and the iron 
core moves from weaker magnetic 
field outside the coil into the 
stronger field inside it. With the 
iron core moves the pointer 
attached to it until equilibrium is 
established by controlling forces 
which may be gravitational or 
due to a spring, and the current 
is read off directly on the scale. 

The shape of the discs in the iron 
core is such that a suitably divided 
scale is obtained. 

The moving iron ammeters 



Fig. 52*16 

are very cheap and can stand 
much rough usage without injury and are, therefore, most generally 
The force of repulsion or attraction is proportional 


used. 


to the 

square of the current and is independent of the direction of 
the current ; hence these instruments can be used for either direct 
or alternating current measurements. The main disadvantages of 
these instruments are: — (i) errors due to hysteresis in the iron and to 
stray magnetic fields and (ii) the non-uniformity of the scale. The 
error due to hysteresis can be reduced by the use of short iron 
pieces so that they demagnetize themselves and the effect of strong 
fields can be minimised by magnetic screening. 

The moving iron ammeters are dead-beat instruments, the 
damping being obtained by air friction device. 

(b) Hot wire ammeter. The commonest form of double-sag 

hot wire ammeter consists 
of a wire AB Fig. C^ a' iy )/ 
of platinum-iridium, at 
the middle of which Is 
attached another wire W 
of phosphor bronze, the 
' ■ latter ' being attached to ''a: 
fine silk thread wbicb 
passing ^ round ; ■' a"', ■■ small 
'/pulley ,P is .'fastened 'to, '.a.'' 
spring S which keeps the 
whole system taut, A 
.light' pointer" is carried by 
the spindle upon which 
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the pulley Is mounted,, When^ the cutrent.'to be^ measured or a 
definite fraction of it, is passed through the hot-'wire AB, it gets 
heated and expands. The sag produced in it by expansion is 
taken up by the spring. This causes the pulley to rotate and the pointer 
to deflect through a corresponding angle over the scale calibrated to give 
the current directly in amperes. 

The hot-wire must be made of a material whose resistance varies 
only slightly with temperature and whose coeflScient of expansion is 
proportional to the rise of temperature. Further, as the hot-w Ire is 
made as thin as possible in order that it may attain a steady temperature 
quickly. Its material must have suflicient mechanical strength to withstand 
the stresses placed upon it by the tension of the spring system. The 
box of the instrument must be made of materials whose coefficient of 
expansion is equal to that of the hot-wire so that changes in temperatur e 
other than those caused by the current through the hot-wire may net 
affect the deflection. 

Tne instrument is dead-beat. The damping is electro-magnetic 
and is caused by eddy currents produced in a thin aluminium disc 
carried by the spindle of the pulley, the edge of the disc being 
situated in the air-gap of a permanent magnet. This damping is ver\ 
essential to stop movements due to vibration or to sudden changes in 
the current, otherwise the hot-wire will be subjected to excessive 
stresses. 

The hot-wire ammeter is very simple and cheap. Its sensitivit} 
can be greatly increased by placing the hot-wire in vacuum. 
Since the heat produced is independent of the direction of the current 
the instrument can be used for either direct or alternating-current 
measurements. Moreover, since the hearing effect by an alternating 
current is independent of its wave-form of frequency, the cah‘ 
bration of the ammeter is the same for both direct and aiternating 
current. The working of the instrument is not affected by stray 
magnetic fields. 

Since the hoc-wire is always very fine, its current-carrying 
capacity is limited. Consequently the doubie-sag hot-wire ammeter 
can be used without any shunt for current of the order of one 
ampere only. For higher currents the instrument must be shunted so 
that only a safe part of the current may flow through the hot-wire. 
The instrument has a high power consumpdon. It is sluggish 
owing to the time taken by the wire to heat up. Since the heating 
eflect is proportional to the square of the current, the scale is noi 
uniform, it being cramped at the bottom end. 


(c) Moving-coil ammeter. It is simply a pivoted type moving- 
coil galvanometer (Fig. 32*18) whose coil has been shunted with a 
wire R of low resistance. When a definite fraction of the current to 


be measured is allowed to pass through the coil, it is deflected on 
account of interaction between the permanent magnet field and the 
mao-netic field of the coil. The modonof the coil is controlled by one 
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or two phosphor-bronze springs according as the instrum^ is a uni- 
pi^ot or bi-pivot one* The field r 
of the permanent magnet is kept * 
radial by the use of concave pole- 
pieces and hence the current is 
proportional to the deflection of 
the coil which it produces. The 
instrument is dead-beat, damping 
being produced- by eddy currents 
induced in the aluminium former 
upon which the coil is wound. 

In uni-pivot instrument, the 
friction torque at the pivot is Fig. 32*18 

reduced by the elimination of one point. This makes the instrument 
highly accurate. But the instrument requires careful handling and 
must be used only in a horizontal position. 

The moving coil ammeter is sufficiently accurate. Its power 
consumption is low. The scale is remarkably uniform. The same 
instrument can be used to measure a large range of a current by the 
use of shunts. The instrument is free from errors due to hysteresis 
and from errors due to stray magnetic fields. 

The instrument suffers from friction and heating errors 
which are, of course, present in other types of instruments also. 
Unless the permanent magnet is carefully aged during manufacture, 
its weakening with time may introduce a considerable error. As 
the direction of deflection depends upon the direction of current 
the instrument can be used only for direct-current measurements. 

The range of an ammeter can be increased by shunting the 
instrument with a suitable low resistance wire. If r is the resistance 
of an ammeter which gives a full-scale deflection with a 
current of / amperes, then the shunt resistance required to increase 
the range of the instrament from i amperes to I amperes is given 

by S= r. These shunts used to increase the range of ammeters 

are known as range multipliers. 

Expenment jfZ.i 

Object. To convert a west on galvanometer into an ammeter 
of given range. 

Apparatus. A weston galvanometer, an accumulator, a 
high resistance box, a voltmeter, an ammeter of nearly the same 
range as given for conversion, a plug key and apparatus for 
determining galvanometer resistance by Kelvin's method. 

Theory. Let G be the galvanometer resistance and Ig the 
current which when passed through it produces a full-scale deflection. 
To convert the galvanometer into an ammeter reading up to 
I amperes, it is to be shunted with a low resistance whose value 
from § 26*5 is given by 
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I 


g 




•.G 


g 


(32-xi) 


(32*12) 


by 


The length of the shunt wire having a resistance S is given by 

where r is its radius and p the resistivity of the material. 

Method. Determine the resistance of the weston galvanometer 
Kelvin’s method. 

Next connect (Fig. 32*19) the weston galvanometer to an 
accumulator in series with a high resistance 
box including a plug key K in the 
circuit. Adjust the resistance box 
to a high value, say 5000 ohms. Note 
down the zero reading of the galvanometer. 
Close the key K and again adjust 
the resistance box so that almost 
full-scale deflection is obtained in the 
galvanometer. Note down the resistance 
R introduced into the circuit by 
also the deheetion n produced in the 
account the zero error of the instrument. 
e of the accumulator with an accurate 









E 

32*19 


_ Fig‘ 

the resistance box and 
galvanometer taking into 
Measure the E. M. F., 
voltmeter and calculate the figure of merit of the galvanometer from 
the formula 


Repeat the experiment with different values of R and thus 
find the mean value of Multiply this by the total number of 
divisions N on one side of zero of the galvanometer scale which 
gives Ig the current required to produce full-scale deflection in the 
galvanometer. 

Now calculate the shunt resistance S from equation (32*11) 
and then selecting a proper gauge, say S. W. G. 22, calculate from 
equation (32*12) the length / of a manganin or constantan wire which 
will have a resistance equal to S, the value of r and p being known 
from tables. Then cut off a length of the wire about 4 cm more than 
the calculated value and mark two points on it at the calculated 
distance apart, leaving some spare parts on each side. Connect 
the wire across the galvanometer such that the marked points 
are just outside the screws. Graduate the scale divisions in 
amperes taking N divisions equal to the range I amperes. This 
converts the weston galvanometer into an ammeter of the given 
range.,;,;; , 

NeaCt connect (Fig. 32*20) the shunted galvanometer in series 
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WWWvj 

s 


Fig. 32*20 


with an ammetei of nearly the same — K 

range, a high resistance box, and an 
accumnlator including a key K. in the 
circuit. Adjust the resistance box to a 
high value. Close the key K and note 
down the reading of the galvanometer 
and the ammeter. Convert the 
galvanometer reading into amperes 
and find the difference between the 
readings of the two instruments, if 
any, which gives the error in the 
galvanometer reading. Alter the ^ ^ 

resistance of the circuit and in this way ^ ^ galvanometer, 

observations, aading the error in each rea^n^ ^ abscissae and 

Plot a graph Sal7aaometer d ^iU be neatly 

corresponding ammeter readings as ordinates. _ curve of the shunted 

a straight lini and v^ill represent the calibration curve ot the sn 
galvanometer. 

Sources of error and , J^referSy^^^^ 

box should be of high resistance and resi-fance in^ the 

dial pattern. At no stage of the experiraen tpaw current 

resistance box should be reduced to ze^ for ammeter 

will dow through the circuit damaging the galvanometer o 

or both. 

{1) The accumulator used should ^be freshly at|^n 

its E. M. F. may remain constant throughout the determinat on 

of Tg. 

(3) The ammeter used for calibration of the galvanometer 

should be of nearly the same range and its readings 
corrected for zero error of the instrument. 

(4) The +vemarked terminal of theammetershouldbeconn^^^^^^ 

to the positive pole of the cell or the high po en p 
. circuit.' \ 

(,, WUk co.«.«i.g ™ 

should be taken to see that only the exact requirca is-ug 

lies between its terminals. 

(6) The calibration curve of the shunted galvaGometer should 
be a straight line and should be smoothly drawn. 

Observations and Calculations, l^] DeUmmation of gal- 

vanometer resistance G, 

[Note down observations for Kelvin’s method for determination 
of galvanometer resistance G]. 

Galvanometer resistance G= ohms 
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[B] Determination ^ Ig 

E. M. F. of the accamuiator 


Resistance intro- : 

DejSection in 

Figure of merit 

dnced by the 

galvanometer 

of galvanometer 

S. No. resistance bos 



■R 


k 

ohms 

scaled div . 

1 amp./div. 


Total No. of divisions N on one side of zero of the galvanometer 
le ••• ••• ~ 

The current Ig reqd. to produce full-scale deflection = amp. 

[C] Calculation of length of the shunt wire 

Is ^ 


= ohms 

Gauge selected S, W. G. No...... 

From tables f resistivity p of the material (.....«) = ohmxcm- 

radius r of the wire = cm. 

/^irr^S/p = cm. 

[D] Calibration of the shunted galvanometer. 
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Results, (i) The length of the shunt wite W G. 

requited to convert the \veston galvanometer into an ammeter 

of the given range /.cm:' 

(//) The graph shown in fig.... is the calibration curve of 
the shunted galvanometer and is a straight line. 

Criticism of the method. If performed carefully, the 
experiment yields quite satisfactory results. The accuracy of the 
result depends upon the constancy of E. M. F. of the accumulator 
and the accuracy of the measuring instruments, namely, the voltmeter 
and the ammeter. For higher accuracy the shunted galvanometer 
should be calibrated by means of a potentiometer. 

32*8. Voltmeters. Voltmeters are instruments used for 
the measurement of P. D. directly in volts. To measure the P. D. 
between two points of a circuit, a voltmeter is connected across 
the two points whose P. D. is required. In order that the instrument 
should record the actual P. D. between two points, it is 
necessary that in connecting the instrument across the points, the 
P. D. between them should not be altered. To fulfil this conation 
the instrument must take only an infinitesimal current. In addition 
the power consumption V^/R and consequent heat produced in the 
instrument should be negligible. Hence it is clear that a voltmeter 
must have a high resistance whose value must always be very great 
in comparison with the resistance between the points whose P. D. 
is to be measured. In fact the resistance of an ideal voltmeter 
should be infinite. 

Voltmeters can be divided into four classes : {a) Electro-static 
(h) Moving iron, (c) Hot wire and (d) Moving coil. 

The electro-static voltmeters are in general of two types; 
(/) The quadrant type which is used for voltages up to 10 or 20 
kilovolts and (rV) The attracted disc type which is used for voltages 
above 10 or 20 kilovolts. The construction and working of these 
voltmeters is similar to those of Lord Kelvin’s quadrant and 
attracted disc electrometers. 

The electro-static voltmeters are ideally perfect in having infinite, 
resistance. The power consumption is extremely small. They 
work equally well on both direct and alternating currents. Their 
working is free from errors due to hysteresis and are not affected by 
stray magnetic fields and eddy currents. They are, however, not 
sufficiently sensitive to read low voltages, their useful range being 
from about 500 volts upwards to several hundred kilovolts. 

The moving iron voltmeters and the hot-wire voltmeters are 
constructed from moving iron ammeters and hot-wire ammeters 
respectively by connecting a high non-inductive resistance in series 
with the solenoid and the hot-wire respectively, and then calibrating 
the scale to read the P. D. directly in volts. These instruments 
are suitable for measuring either direct or alternating voltages. 
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The moving-coil voltmeteis are constmcted from moving-coil 
galvanometers or ammeters by connecting a high non-induetive 

resistance in series with the 
moving coil (Fig. 32’2i). 
The higher the resistance 
connected in series with the 
coil, the more accurately will 
it indicate the P. D. to 
be measured. Cheap volt- 
meters usually have fairly 
low resistance and conse- 
quently they do not give 
reliable results. Moving-coil 
voltmeters can be used for 
direct voltages only. 

The range of moving-iron, hot-\vire or moving-coil voltmeters 
may be increased by using a suitable high ifesistance in series with 
it. Thus, if a voltmeter gives a full-scale defiection when a current 
i passes through it and if its resistance is r, then the series 
resistance R required to increase the range of the instrument from 
p volts to V volts is given by 



whence 


V 

R-l-r ^ r 



The resistance connected in series with a voltmeter to increase its 
range is called ^multiplying resistance^ or Multiplier.’ The value 
of these multipliers must be constant and hence they must have a 
low temperature coefficient and since they absorb appreciable power, 
ample provision for cooling must be made. 

An ammeter can be converted into a voltmeter by placing a 
high resistance in series with it, and a voltmeter can be used as an 
ammeter if the former is shunted with a low resistance. 


Experiment 32.3 

Object, To convert a weston galvanometer into a voltmeter 
of given range. 

Apparatus. A weston galvanometer, an accumulator, a volt- 
meter of nearly the same range as specified for conversion, a plug key, 
a rheostat and apparatus for determining galvanometer resistance and 
its sensitivity. 

Theory, To convert a weston galvanometer into a voltmeter 
reading upto V volts, a hi^ resistance is to be connected m series with 
it. If R be the magnitude of this series resistance, Ig the current re- 
quired to produce full-scale deflection in the galvanometer and G the 
resistance of the galvanometer. 




m 


A TEXT-BOOK OF PRACTICAL PHYSICS 


whence 


V 

r-^--g 


(32‘i3) 


Method. Determine the resistance G of the 

fig«» of mem r, by «lop4.g .o, o.o of .ho foBo^.og 

wo P““J“«|;,„„„eto, .osistonco by KoW. mah^ (o^t. 65) 

.„d Jgl„ol«o«by.sop.m. method o. dosmbod .0 S t 

(,V) Both d.0. f ‘nScSofta "-l-o" 

gZfo“S^°l”So. may' bo obtained gmphicjly and l.a figote of 

merit by way of calculations from equ. (32 10). 

Next note down the total by the %«e of 

of zero of the curren/l /required to produce 

merit of the galvanometer calculate tli r^kulate the resistance 

full-scale deflection in the ga vanometer. ^hen calculate ^ 

R required to convert the galvanometer a voltmeter 

V from equ. (iz'is)- Procure a galvanometer scale 

in series with the galvanometer, graduate the ga vano e 

in volts taking full-scale deflection equivalent to V voks. T^^ 

the galvanometer into the voltmeter reading upto V volts. 

To calibrate the instrument, 
connect (Fig. 32-22) the Avhole of a 
rheostat S, using its fixed terminals^ at 
the base, to an accumulator including 
a plug key K in the circuit, connect 
the galvanometer together ‘with its 
series resistance R, in parallel with a 
part of the rheostat using one of the 
fixed terminals at the base and the 
screw joined to the sliding contact 
maker. Connect between the same 
points a voltmeter of neatly the same 
range 


K 




Pig. J2'22 

Close the key K. Adjust the rheostat to Sf If ^3^^® /fj'aS 
in the galvanometer. Note down the reading of the instrum^s^n^^ 
And the^difference between them which |ith the 

meter reading. Decrease f flec^/rheostaSi^^^^^^^ 

help of the sUding contact maker of the error cor- 
at Feast six sets of readings of the two instruments, fin g . 

responding to each reading of the galvanometer Plot the 

curve of the galvanometer taking the galvanom wtSinates The 

and the corresponding readings of the voltmeter as ordinates. The 
graph will be a straight line. 

Sources of error and precautions. Besides the precautions 


galvanometers, ammeters and voltmeters 
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observed ifl the determination of the galvanometer resistance G and 
its figure of merit ij, the following precautions should also be taken : 

(i) The voltmeter used for calibration of the galvanometer after 

conversion into a voltmeter, should be of nearly the range 

and its readings should be corrected for aero error of the instrumen . 

(a) The -bve marked terminal of the voltmeter should be connec- 
ted to the higher potential terminal of the rheostat. 

(5) The calibration curve of the galvanometer after ks conversion 
into a voltmeter should be a straight line and should be smo y 

drawn. . r r- a 

Observations and Calculations. [A] Deiermwation of G and i\. 

(Record observations for determining galvanometer resistance 
G and its figure of merit rj) 

Galvanometer resistance G = ohms. 

Its figure of merit ij = amp./div. 

Total no. of divisions N on one side of the zero of the galv. scale— 

The current Ig required to produce full-scale deflection = amp. 
[B] Calculation of resistance R required for conversion of galvanometer 
into volt MB ter. 


ohms 
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Oral questions 
GALVANOMETERS 

What is a galTaaometer ? How many tlTcllef 
of and what are the mun princip es , _ moving magnet galvanometer, 

examples of each. Describe ^aent gSfanometer.® What is it 

S fotrWhat advSi'S'does Helmholtz double coil tangent galvanometer 

r»r "wh“e 

Sirt^eSuroAycoiP v"T XjleldTLlrthicSui 

S'STp.’T?' K S.‘J”S=S.Vi.«. 'of .h. glUo.«. f 

r? pi.«rf V dkS.? i 

»d^^“tag^^°f^=‘tSvfntaieSof a mirror galvanometer? What advantages does 

? “ssfi^rz: LSI -““t 

■>* ‘ ‘^sSg^s^ifoSL.^rr.Liodio g.i™o«~>- »« » . d^. 

U /„,WaSmt? How can you make a galvanomtter dead-beat ? How 
beat 5 damoms do you know ? Describe them and mention 

n.5SS.» •s'lrsf iff «‘ok « *' '^'tIpS'SI 

What are eddy currents and how are they produced ? What is a 
w SgSvan^^erT Whaf are its special features ? What is it used for ? 
mat is ^logarithmic decrement ? How and why do you determine it ? 

How can yon nse a galvanometer (/) as an ammeter (/;) as a voitm^er ? Can 
tvoes of galvanometers as ammeters and voltmeters ? If so, how ? 
you use aU types VOLTMETERS 

What are ammeters and voltmeters ? How do they 
cnnmeters ? How mar.y types of ammeters do you know and which is the best ? 
:^?Tould m ImmetLXve low resistance and a voltmeter a hig^ teststance ? 
St b the harm if the resistance of the voltmetet is not so ? Do you k^w of 
S voltmeter whose resistance is infinity ? Why is an ammeter connected in 
senes md a voltmeter in parallel ? Why can you n^ connect a voltmeter “ 
with a circuit ? Describe a hot-wire ammeter. Of what material is the hot 
^ and whv ? How is the damping produced in the instrument ? 

PxnlahTthe construction and wotking of the moving-coii ammeter and voltmeter. 
W&t advantages does an ammeter possess over a tangent galvanometer as a current 

measi^g “®““^“gtgrs and ammeters marked X on or neM tke termmals ■’ Are 
ailvoSte^sXdXmetersso marked? Knot, why ?_ Why does the needle of 
?heIrtottuSents move to some extent to give a deflection and then stop there? 
Tfow can vou test the accuracy of an ammeter or a voltmeter ? How can yon in- 
SeSeXSnge of an ammete/ or a voltmeter ? Can a voltmete, be us an ammeter 
and vice versa, if so, how ? 


33*1 
cesistaBce 
is 


Chaptee XXXIII 
A. C. MEASUREMENTS 
capacitance, 


Circuit containing 


inductance 

sin 


ismnce. "when a harmonkally ^ Sductance 

applied to a circuit containing a resistan e , 


A.C Max/n4 

— i/>— 


- 0 - 




u ” 

C' 

Fig. 33 'i 

L and a capacitance C in series (Fig. 33’t). have 

IU+L-|-+V-B.sin »< 

«h«e / is tht cutient and V 

1 1 'Kc0d.a g=. .da adova 

Let the solution be 
/ = A sin ( ® )> 

where A and o are to be determined 

di 


dt 


== A <tJ cos (cot— a) 


dq =>Jf-=^A sin {cot- a.) dt 

? - f .'d 

Substitifflng the values in equation (J5'p .t-E sin o,. 

Comparing the coefficients of sin »< and cos won the ttvo sides 

the above equation, we get ^ ( 35 * 2 ) 

R A cos a + [La.- i/(a.C)l A sin o = o 

-R A sin a4- [La.-i/<a)C)l A cos O — o 
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Squaring and adding equations (jj'z) and (33'3)> 
A* [R^ + (Lw-l/C^QF! =E'o* 


Also from equation (33‘3) 

La>-l/(toC) 


tan a 


Hence »= 


-sinj^o)/— tan ^ 


Lco- 


R 




( 53 . 4 ) 


The quantity Lw is th& inductive reactance of the circuit_ and 
i/rCcu) the reactance. The total reactance of the circuit 

is the resultant of the inductive and capacitive reactances. _ ihe 
Quantitv of the circuit 

a^d is^denofed by Z. The total reactance of the circuit is denoted 
S X, the inductive reactance by Xi and the capacitive reactance 
by Xfi. It is clear from the expression for the impedance 
circuit that 

.z2 = x^.+ 

From equation (33'4) it is evident that the maximum value of 
the current is given by ^ 

- (33'5) 

Thus the less the impedance of the circuit the greater is the value 
of the maximum current in it. The unit of imp^ance. is ohm. 
After all impedance is the effective resistance of an A. C. circuit.^ For 
a circuit in which Ltu=i/CcoC) the current attains a value /o=E,/R. 
Under such conditions the true ohmic resistance alone determines the 
current in the circuit. ^ 

The value of the angle a depends on the relative magnitudes 
nf the inductive and the capacitive reactances in the circuity 
oLmk .estance being censo... When Le,> . (»Q *e c„™, 
lags behind the apphed E. M. F., when La)<i/(coC) the currmt 
lehs the applied E. M. F. However when Lei=i/(®C) (the 
condition of resonance), the current is m phase with the applied 
: E.;M. F. 

The vector diagram representing the p. ds. across the various com- 
ponents may be conveniently drawn. There wiU be three components 

to be laid off in the vector diagram. i 

(i) Ri the active component of the applied e. m. f. along OA^ 

(ii) Lwi drawn 90 ahead of R/j and 


ill 
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(iii) drawn 90"^ behind R/. 8 ^ 

This is shown in figure 33,2. 

These three ■vectors can be combined X 
by obtaining the resultant of any tw o 
and then combining this resultant 
with the third one, In the figure Oi 

Laj/ and ijCm have been first comb- I ^ 

ined giving the resultant \ijOm 

Fis. 32.2 



% ^ 
"c® - 


ox = (lo) 

which when combined with OA gives the resultant OD. Evidently 


OD 




In the case illustrated the resultant e. m. f. is ahead of the current 
by the angle 


AOD = a 




tan 


R 


and the circuit behaves like a slightly inductive cucu t. The 

may be ahead or lag behind the impressed e. m. f. E accordiOj^ < 

or Lw has the larger value. 

33-2. Power in an A. C. Circuit. In an circuit 

E=rE„ sin CO/ 

/=/o sin (o)t—a) 
where a= tan -’■(Lco/R-'i 

Therefore the rale of working at. any instant is 
E=Eo sin o(“'^-“) 

=Eo i° cos a sin* co/-IE„f„ sin sin a acot 
The mean value of sin* co/ for a cycle is } and of sin a cot is zero, 
y. Mean rate of workings 4 B^ ioCOSa 

Ert ^*0 


' V 2’ 


cos o 


= (virtual volts) X (virtual am ps.) X cos a 
TV, nn measurins: separately the virtual volts and virtual 
„pe2“o,“ T<S. hy me.»s of . voto=«. .ad » 
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and taking thck productj we get the apparent watts. This does 
not measure the actual powe^ absorbed in the circuit, for the 
apparent watts should be multiplied by cos a to get true watts. 
The ratio of true watts to apparent watts, cos a is called tne 
power factor of the circuit. 

The graphical method given below is t;^ery instructive as it 
throws additional light on the problem discussed above. Let 
and represent the( maximum values of the E. M. F. and the 
current in the circuit (Fig. 33*2). Resolving parallel and 
perpendicular to we Have the components /^cosa and /^^sina 
respectively. The component parallel to E^ gives the mean rate 
of working J E^ cosa, whereas the latter component sin a, as 
its lags 90® in phase behind the E. M, F., gives the mean rate of 
worlnng 

sin cu/ sin (<u/— 90) i (a)j 

a27> 

J O 

= _ 521 ° sin 2 d (0>t)] 

ZTT I 

O 

= 1 cos 1 wt 1 ==o 

Jo 


Thus for the component /‘oSina perpendicular to E^, the mean 
rate of working is zero. This component is termed the Idle or 
Wattless current. The name is self-explanatory ; it does not 
contribute to the rate of working in the circuit. The current in 
entirely wattless when a= 90® which is the limiting case when the 
inductance in the circuit is very large and R is negligible. 

33*3. A.C. Measuring Instruments. The mean values of 
alternating E. M. F. and current for a complete cycle are each zero 
Hence an ordinary electromagnetic voltmeter or ammeter whose* 
moving system is comparatively massive will indicate this mean 
value. Thus such instruments cannot be employed for the 
measurement of alternating current and voltage. In the first 
half-cycle the average current is /q. z/tt (/^ being the maximum 
value of A. C.) and in the later half —4. z/tt, hence effects being 
directly proportional to the current, the suspended system receives 
equal and opposite impulses during a complete cycle and it is in 
such a quick succession that the needle fails to respond to it. 
Hence A. C. measuring instruments should be independent of 
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the direction of flow of the curreat. This is possible 
deflection is proportional to the square of the curren ^ 

Smments. Hence only such instruments are employed for the 

measurement o£ A. C. 

Tn interoret the readings of these instruments let us calculate 

■,.e IVvS of i. fo. 1. » -his f " .to .. £opo«oto 

to the deflection of the instrument. The mean value 
quantity for a complete cycle 


^ZTT 
J A 


Sim 




^ZTT 

A 


Th«rfo.. .te continuous cu..»t whose 

same mean value as that of the A. C. is >olV a > . -trnraent. 

current would give the same reading on of the 

This is termed the virtual current and is Strength 

maximum value That is the A. C. is measured by ^ 
of the steady current which would produce the same heating 
Hence it is also termed as “effective current. 

If the steady value of the current be I, then 

I=W ^ 

. P=/j®/2= Mean value of the square of the curren • 

'■km l-VTTF-Wr^i- 

the current. This value is, therefore, ter manner 

Square value (R. M. S. value) of the current. In the sam 

From the above treatment it is ^^I^JcArT^isismce 

is one which wiU produce the the same time, 

as a steady current of i _ ampere ? ° ’.g of a resistance 

A virtual volt is one which when applied p D of t volt 

will produce the same heating effect as a steady 
applied across it for the same time. 

Experiment 53-1 

Object. To determine the impedance of a given A. C. arcuit. 

Apparatus. Aponte 

-0“ aud "dtoblc co.d fo, conuecuoto 

Theory. Let a condenser of capadtance Qun^ 
and a resistance R be connected /« and jet in fig. 

of E virtual volts be appHed across the combination as shown m ng 

45 
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53-4. Then, if i virtual amperes is the current in the circuit, equ. (33-5) 
gives 

Independence = V[hco— 


Eq/Vz 
‘ ^o/V 2' 


E 


or 


Impedance Z= 
Alternatively, 


! 


- 1 




E. M. F. as mea sured by an A, C. volt meter 
Current as measured by an A. C. ammeter 

the current i in the circuit may m 

by applying various known e.m. fs., E 
in the circuit and a graph plotted 
taking E along the X-azis and the cor- 
responding values of i along the 
Y-axis. This will come out to be 
a straight line as shown in fig. 33*3 
i and its slope QR/PR with the i-axis 
will give impedance of the circuit. 

Fig. 33-3 

Method. Connect the primary of a step-down transformer 
to the A. C. mains and connect to one of the tappings of the secondary, 
a suitable condenser, an inductance 
and a resistance, all in series^ including 
an A. C. ammeter in the circuit, as 
shown in fig. 33*4. Connect an A. C. 
voltmeter across the tapping of the 
secondary of the transformer to 
measure the virtual E. M. F. app- 
lied in the circuit. Having properly 
made the connections, switch on the 
current and note down the readings 
of the voltmeter and the ammeter 
which give E and / respectively. 

Next switching off the current, change the tapping of the secon- 
dary of the transformer and in this way take at least six sets of observa- 
tions for / and E- Calculate the impedance of the circuit from each set 
of observations separately and then take the mean. 




I - 





s! y 

-■jr-JnsOTRT'A/'-v--*’ 

C K K 


Fig. 33*4 


Next plot a graph taking applied e. m. f. E along the X-axis 
and the corresponding values of / along the Y-axis. This will come 
Out to be a straight line. Measure its slope QR/PR with the 7-axi& 
which will give impedance of the circuit. 

Also calculate impedance 2 from the formula 

Z==(v' I La>- 7 l/a>C)} 24-R2 

if the values of L, C and R are known. 

Sources of error and precautions, (i) Both the ammeter 
and the voltmeter must be A. G. measuring instruments. 

(z) Connect the ammeter in series and the voltmeter in parallei 
in the circuit. , 
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(3) Zero error, ii any, in the above measuring instruments 
should be taken into account. 

(4) The condenser used should have a -working voltage greater 
than the A. C. mains voltage. 

(5) The inductance and the resistance used in the 
should have a proper current rating so that they do not get overheated 

and thereby get short-circuited and burnt, 

(6) Before changing the tapping of the transformer see that the 

carrent Ms been switched off. 

(7) The graph between 1 and E should be a straight line and 
should be smoothly drawn. 

Observations 

L. C. of voltmeter = volts 

L. C. of ammeter = amp. 


S. No. 

Voltmeter | Ammeter ; 

reading reading 

E i ' i 

volts 1 amp. 1 

Impedance 1 

oho'S 1 

i. 

i ■ ■ ! 


z. 



3* 

t: '■ ■■ 

M' 

„;i.' 

■ 

! 

■ — 1 

Mean j 


Calculations. I Set 

Z' 


_E 

i 


= ohms 


[Make similar calculations for other sets.] 
y. Mean value ofZ= ohms 

From graph (33’3) 

QR:='' . - 

QR_ 

y. Impedance Z— p 
Now ',,L— 


= ohms 
henry s, G = farads 


R= 


nhms and a)= — 
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Z=v 

= ohms 

Result. The impedance of the circuit = ohms 
'Experiment 53*2. 

Object. To use an eiectricti vibrator to determine (/) tiie 
frequency of A. C. mains and (/V) the capacitance of a condenser. 

Apparatus. Electrical vibrator, table clamp pulley, pan 
Wt box, fishing cord, 6 — 10 volt battery, a microammeter, a voitmett r 
(o— 15V) and a condenser. 



Fig- 33*5 

Description of Apparatus. The Electrical Vibrator. The 
electrical vibrator (Fig. 33*5) consists of a solenoid through which 
passes a thin rod of steel which can be clamped atone end. At 
its free end the steel rod carries a hook to which a string under 
tension can be connected. The solenoid is connected in serks 

with a 25 -watt lamp and is used directly with A. C mains. A 

permanent horse-shoe magnet is also mounted on the baseboard, 
the steel wire passing through the pole-pieces. When A. C. is fed 
through the solenoid, the rod is magnetised longitudinally with the 
polarity reversing with the change of sign of the current. Owing 

to the interaction of this with the field due to the permanent 

magnet the rod vibrates with the frequency of A. C, The length 

of the steel rod can be adjusted so as to get resonance indicated 

by a large amplitude of vibration of its free end. A continuous 
vibration is then maintained. 

While using the vibrator for the determination of the capacitane:* 
of a condenser, a battery, a microammeter and a condenser 

can be connected to the terminals marked B, A and C on it. The 
sreel rod carries a small iron piece with flat ends whicb makes 

contact alternately with the two flat steel discs T, T. ; this during 
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il' 
!■' 
■fii 

one half cycle charges the condenser and during the latter half p 

discharges it through the microammeter. | 

Theory* (!) Frequency of A. C. Mains. When a cord of mass 
per unit length is connected to the vibrating rod of the vibrator * | 

and stretched with a tension T, the cord vibrates in segments as in || 

Melde’s experiment. If the length of the cord is then adjusted f" 

until the nodes are clearly marked, the frequency of the stretched j;- 

string is the same as of the vibrating rod which is vibrating with [) 

the frequency of A. C. mains. Then, if / be the length of one loop jl 

of the vibrating string, its frequency of vibration is given by |^; 


n = 


' IL 

2.1(4 m 


and this is also the frequency /, of A. C. 


mains. 


( 33 - 7 ) 


(ii) Capacitance of a Condenser. As depicted in the figure, if 
the connections are made as at B, A and G, the vibrating rod makes 
contact between the battery and the condenser during one half of 
the cycle, thus charging the latter to a voltage V of the battery. 
During the next half cycle the condenser makes contact with a 
microammeter and discharges through it. If f be the frequency 
of A, C. mains, the process is repeated/ times per sec. At each 
discharge, the quantity of electricity passing through the microammeter 
is given by CV where C is the capacitance of the condenser. 

quantity of electricity flowing per sec. =C, V. / 

But i t and for /times charging per sec., t=i sec. 


A 

ox q^i^C^f 

■ ^ i Current 


V/ Voltage X frequency 


( 33 * 8 ) 


Thus recording i and V and taking the value of / from the fiirst 
experiment, and substituting these in equation (33*8), the value of C 
can be calculated. 

Method* (i) A. C. Mains Frequency. Switch on the current 
and see that the rod of the electrical vibrator begins to vibrate. 
Adjust the length of rod till it is found that its free end attains the 
maximum amplitude. Now switch off the current. Tie a fishing 
cord to the hook at the free end of the rod. Pass the cord over 
a table-clamp pulley and tie it to a light pan. Place some suitable 
weights on the pan, say a gm. or two. Switch on the current when 
the string will be found to vibrate in segments as in Melde’s experiment, 
x'^iter the length of the vibrating cord by shifting the vibrator backward 
till the nodes are sharply defined. Mark the positions of the extreme 
nodes leaving out the fest and the last loop. Measure^ the length 
between them and divide it by the number of intervenifig loops to 
get the value of /. For the same tension take two more sets by altering 
f he length of the cord vibrating in resonance with the steel rod. Calcn- 
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late the mean value o£ / for this fixed tension. Weigh the pan in 
the balance and then compute the total tension ap|>lied to the 
cord. Also weigh in a chemical balance, say zoo cm. ot the fishing 
cord used in the experiment and calculate its mass per unit 
length. 

Repeat the experiment with different tensions. Finally 
calculate the frequency from each set of observations and get the 
mean value of/. 

(ii) Capacitance of a Condenser. Connect a 6 volt battery 
across the terminals marked B, a microammeter across the terminals 
marked A and the condenser across G. Untie the cord for this 
part of the experiment. Adjust the distance of the flat steel discs 
T, T so that the small iron piece with flat ends (attached to the 
steel rod) makes contact with them when the vibrator is working. When 
this has been properly adjusted switch on the current. The condenser 
is first charged to a voltage V (=E. M. F. of the battery) and then 
discha rges through the microammeter and this process takes place f times 
per sec. This means a steady current in the microammeter. Take the 
reading of the microammeter. Also record the E. M. F. of the battery 
with a suitable voltmeter. 

Repeat the experiment by altering the P. D. used to charge 
the condenser to, say 8 and lo volts. For each set calculate the 
value //¥ and then with its mean value, calculate the value of the 
capacitance of the condenser using equation (33.8). 

Sources of error and precautions, (i) The length of 
the steel rod must be initially adjusted so that it vibrates in resonance 
with A. C. frequency. This is attained when the free end of the rod 
vibrates with maximum amplitude. 

(2) There should be no friction in the pulley for then we 
cannot be sure of the tension applied to the cord. 

(3) The nodes and antinodes on the cord should be sharply 
defined. The extreme loops should be left out while making 
measurement for /, as in these cases we cannot be certain of the 
extreme position of the nodes, 

(4) The fishing cord should preferably be employed In this 
experiment as it possesses a fairly constant mass per unit length. 

(5) Zero error of the microammeter, if any, should be taken 
into account or else the pointer should be initially adjusted on the 
zero, 'mark./'' 

(6) The contact of the vibrating rod with the flat steel discs 
T, T should be properly adjusted so that the microammeter shows a 
steady deflection when the vibrator is working. 
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Observations. [A] Petermioation of A. C. Mains frequency. 


S. No. 

No. 

of 

loops 

Length 

of 

cord 

i 

Mass of pan 

Mass placed 
on 
pan 

I 

I. 

' '' ' 






2. ' 


1 





1 

J- 








Mass of. cm. of the cord == gm. 

[B] Determination of Capacitance of condenser. 


S. No. 

Reading of the 
microammeter 

f 

amp. 

Reading of the 
voltmeter 

V 

volt 

1 

4 ' 

1. 

2. 

3*^ 



jl j 

1 i 



Mean 


Calculations. [A] A. 

C. mains frequency. 

'1 ^ 

:Set I. 

/=«= 

11 m 

! f 


=ss 

cycles/sec. 

I 

[B] Capacitance of a condenser 

' ■■■ ' ' ' ^ ^ 


r — JL 


' ' " ' ' ■ 1 


C - V/ 


: Wf ■ i 



microfarads 

^ f 


Result# (/) The frequency of A. C. Mains = cycles/ sec. 
{ii) The capacitance of the given condenser == microfarads 
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Experiment 

Obj ect. To determine the power in a circuit without a watt-me* 
ter by using three voltmeters in conjunction with non-inductive resis- 
tance R and also to determine the power factor of the circuit. 

Apparatus. The unknown circuit X (usually an inductive cir- 
cuit), a known non-inductive resistance, an ammeter, a variac, three volt- 
meters, an ammeter and connexion wires. 

Theory. Refer to fig. 33.7. The circuit X usually an induc- 
tance in which power is required is connected in series with a known 
non-inductive resistance R of appropriate current carrying capacity and 
the three voltages, V, Vb and Vl are measured. Let cos ^ be the po- 



Fig. 33'7 


wer factor of the load X. The drop Vr across R is in phase with the 
current and the vector diagram for the circuit is given below. 



Fig, 33*8 


From the vector diagram we have 

^ Vr2 + Vl2 + 2Vr Vl. Cos ^ (33.9) 

Neglecting the currents taken by the voltmeters across R and the 
load, the current in R is the same as the load current I, Hence 
Vr = IR 

Substituting for Vr in the equation above 
V 2 Vr2 + Vl 2 -b 2 (IVl. Cos # R 
V «=:Vr^::+-’:Vl2 + 2 WR , ' 

where W ( == IVl Cos consumption of the load 
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X.' Hence 

W - I. V. Cos t - V - (W 4 - „V^ J33 

From equation(33.9), the power factor is given by 


Cos . 4 '= 


2 Vii V L ^ 


(33.11) 


Thus from the measurement of the three voltages and the resis- 
tance R, W and Cos ^ can be calculated. Further, if the load current I 
is measured with an ammeter, the apparent rate of power consumption 
IVl can be calculated. If will be found that it differs from the actual 
rate of power consumption W; Cos <4 may also be calculated from the 
relation 


Cos ^ (33.12) 

Method. If the non-inductive resistance R is not given as known, 
determine its value with the help of a post office box. 

Make the connexions as shown in the figure 33*7. Adjust the va- 
riac dial on lOO volts and switch on the current. Take the readings of 
the voltmeters V, Ve and Vl and the ammeter A. Care must be exer- 
cised in reading the voltmeters; where the pointer does not stand on a 
particular graduation of the voltmeter scale, approximation must be 
made to read the fraction. This has to be done because the voltages 
appear in the second power in the expressions for W and cos 

Repeat the experiment by altering the value of V with the variac 
in steps of 20 volts. 

For each set of observation calculate separately the value of W and 
cos Find the mean value of cos this gives the power factor of 
the circuit 

Power consumption will be different for each set, being depen- 
dent on the current I. For each set calculate IVn and plot a graph 
between W and the corresponding value of IVl. Calculate cos ^ 
from the graph using the relation 

" r / ^ ^ 

Cosy - 

Draw vector diagram for each set of observation as given in fig- 
ure 33* 8 and measure the angle Calculate cos <f>. 

Sources of Error and precautions. (1). The method is a very 
suitable one for the determination of power in coils taking a small cur- 
rent and working at a low power factor. • Hence the coil which consti- 
tutes the load X must be suitably chosen. 

Since the squares of voltages have to be used, it is necessary 
to use accurate instruments. Due approximation must be made where 
the pointer does not fall on a graduation of the scale. 
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The possibility of error will jfoSlpo'inte required as 

T.The^rSowPW). Two equivale.. .nd W, 

-SUPPLY 

LOAD 

«C 



adi eqmd » *' “* TOh boiSte S iodr” Siom » th« rig^ 

oto«S”“^P“' Ite ° s'Los; 

When .ho switch S 

BC and measures the p. d. VL ^ . right, the voltmeter is a- 

S.tow..ote«.«dtoswh*T“^ ■„o„.i„d»cdwe «si. 

c,ossAB.»do^«“;|^™‘XdW «shn»!aoeoosly o»osfor=d 

^ c,.a as 

( 3 ) It IS desirable that VE /Jj; ^ satisfy this condition. 

possiU,heh«R»„s.^^o«bl^chos»^^ _ 

Obs«v.h«=s. Sg»“ o£thevotoo»V. - woU. 

Least Count of the voltmeterVL ^ 

Least Count of the ammeter A “ 

Non-inductive resistance 

"”■ "AmmeterT^ 

Keading, , isom , 

I 1 Land R R , 
amps . I V ^ olt IV « Volt 
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and 


Calciilationis 

W = 

eos <fi == 


For the first set 

V2 (Vr2 4. V3 ^2) 

2 R 

V2 -- (Va2 4. Vl") 


watts 


2 VrVL 

Similat calculations for other sets. 

Also, apparent power consumed (for the first set) 
= I Vl 

= apparent waits 

Actual power consumed (for the first set) 

= W = true waits 
Hence from the first jet, 

W 


cos ^ 


I Vl 


Similar calculations for other sets. 

Also, from the graph cos (/i = 

Also, from the vector diagrams for each set find cos 
Result, (i) The power consumption of the load X at the 

current amp. = watts. 

(ii) Power factor, cos 0 == 

Exercise* To determine the power factor by three ammeter me- 
hod. 

Make the connexions as shown in fig. 33* 10(a). 


I 



Fi g. 33-10 (a) and (b) 

Fig. 33* 10 (b) represents the current vectors I, Ie and II and the 
supply voltage E vector. The current measured by the ammeter A is 
the vector sum of the load current II and In that taken ^ by the non-in- 
ductive resistance R, this being in phase with the applied voltage E. 
From the vector diagram. 
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+ Ihf + 2Ie. 1l. cos 4 (33.13) 


+ Il2 


-1l. cos 


Ir2 + Il2 + 2. 


:e W = KIl^ Cos <?> == 

Also from equation (33.13) 

12 _ (Ij^2 ^ 

h iL 


lL*) jg^ ( 33 . 14 ) 


(33.15) 


whence from equations (33.14) and (33.15) W and cos ^ can be calcu- 
lated from the observations of I, Ib, II and the known value of R . 

Experiment 33*4 

Object. To study a series resonant a, c. circuit. 

Apparatus. A variac to give 110 volts a. c. or less, an inductance 
coil of an inductance a few henry, capacity box with a working voltage 
of 500 volts, one kilo-ohm resistor, a vacuum tube voltmeter and con- 
nexion wires. 


i E- Sin 



Theory. Consider the circuit depicted 
in fig. 33.11. It consists of an induc- 
tance L, capacitance C and resistance R 
and the supply voltage is E = Eq 
sin cot = Eq sin Zw nt where n is the 
frequency of the a. c. supply, usually 
50 c. p. s. The current in the circuit 
at any instant is given by 


Fig. 33.11 


The peak value of the current is given by 


sin-( to/ 
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and hence the r. m. s. value E and I are related by the equation 


E 



and the angle of kg is given by 

f'Loj^ ^ \ Reactance 

tan a = \ Ca> / ^ 

11 Resistance 

For the circuit to be resonant 

La, -L =, 0 

v_,a) 



or 27t n ^ f 

V LC 

For the circuit to be resonant for an inductance value of, say, ten 
henry, at 50 c. p. s., the capacitance C should be of the order of 1 ^ F 
(microfarad). 

If Ij, be the current in the circuit at resonance, 

P. D. across inductance (V l) == Lcoli 

P. D. across capacitor (Vc) = 
and that Laili = - 

LrCU 

Vl == Vc 

Hence to study the condition of resonance, we can take an induc- 
tance of a fixed value L and a variable capacitance C. Observations of 
Vl and Vo are made by varying C, keeping R and E constant. For va- 
lues of C less than that for resonance condition 



or Vc > Vl 

As the capacitance is increased in the circuit Vc goes on diminish- 
ing while Vl goes on increasing. At resonance 

Vo^' ' Vl 

After the condition of resonance has been reached, if the capaci- 
tance is further increased in the circuit, 

. Vc < Vl 

Hence by plotting graphs between capacitance values along X- 
axis and the corresponding values of Vc and Vl along Y-axis, we can 
see how Vc and Vl vary with the value of C. The point of intersec- 
tion of the two curves is the point where Vo = Vl and hence the 
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coaditioti of resonance. The value of C corresponding to this point of 
intersection ofthetwo graphs (Fig. 33T1) gives the capacitance at 
which the circuit becomes resonant. 

Further, at resonance, the p. d. across the resistance 
Vb = RIi 

should be a maximum. Hence the measure of p. d. across R may be 
simultaneously made. It will be found to increase with the increasing 
value of C in the initial stages, then reach a maximum, after which fur- 
ther increase of C decreases the value of Ve in the circuit. Hence a 
plot of a graph between p. d. across resistance Ve against the capaci- 
tance values C can also be used to study for what value of C the given 
circuit of L and R is resonant. From the graph the value of C corres- 
ponding to the maximum value of Ve can be determined . 

Further, at resonance, the p. d. across both L and C combined, 
VcL should be theoretically zero. This should be so if the choke coil is 
of negligible resistance and there are no other losses. Practically Vol is 
never zero at resonance and its value is a measure of the effective resis- 
tance of the choke. The term effective is used to indicate that the resis- 
tance is not just the d. c. resistance of the winding but also includes 
power losses in the iron due to hysterisis. 

Hence if Vol is also measured simultaneously for varying values 
of C, VcL will be found to vary in a manner opposite to that of Vit. At 
resonance Ve is a maximum while Vcl is a minimum. From the mi- 
nimum value of Vol on the (Vcl, C) graph, the value of C can be com- 
puted that makes the given circuit, with 
constant values of L and R, resonant 
at the supply frequency. 

Method. Make the connexions 
as shown in fig. 33.12. If four 
voltmeters are available of suitable ran- 
ges, they may be connected across R, 
across C, across L and across both C 
and L to record V n , Vc, Vl and V ol 
respectively. If a V. T. V. M. is avail- 
able, measure the above voltages by co- 
nnecting it across the requisite points in 
succession. C is a dial condenser box 
having capacitances in hundredths, ten- 
ths and units of a microfarad. R is a 
resistance of 1 kilo-ohm and L an in- 
ductance of about 10 henry. 

Introduce a capacitance of say 0*4 
microfarad in the condenser box 
Fig. 33T2 and switch on the supply. Measure Vc, 

Vl, Vcl and Ve with the help of the vacuum tube voltmeter. 


220 VOLTS A-C. 
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Repeat the observations by altering the capacity in regular steps of 
0*1 microfarad. 

Plotting of Graphs. 1. On the same sheet of graph and with 
the same scale, draw the graphs (Vc,- C) and (Vx, Q. Find the co- 
ordinates of the point of intersection of the two graphs. The value of 
C for this point is the one for which the circuit with the fixed values of 
L and R will be in resonance at the frequencyvof the supply. This is 
reproduced below from the data given in the observation table. 



CAPACiTY C IN MICROFARAD 
Fig. 33*13^ ^ ^ 

2. Plot graphs with Yii and Vex along Y-axis and C along the 
axis of X. Find the value of C corresponding to the maximum value 
of Vb from the (Vr/ C) graph. 

Also find the value of G corresponding to the minimum value of 
VcL from the (Vex, G) graph. The values of G so obtained from 
these two graphs, (Vr, C) and (Vex, G) will be found to be very near- 
ly the same. These graphs therefore also give the value of G which will 
e the circuit resonant at the frequency of the supply. 
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Compare this value of C with the one obtained from the coordi- 
nates of the point of intersection of C) and (Vl, C) graphs. 
These values will be found to be approximately the same; the difference 
may be due to experimental errors. 

Scale: X-a4$ 5 div. represent o-iyiiF 


f div.repfesents iVolt^ ' 



CAPACITY c IH microfarad 

Fig. 33T4 

Sources of error and precautions. 1. The vacuum tube volt- 
meter should be very carefully handled. The zero adjustment should 
be carefully made before starting the observations. 

2. With the help of the variac adjust the p, d. across the L, C, 
R circuit to be about 110 volts or less. 

3, Vr, the p. d. across R and Vcl, the p. d. across both X and 
C will not exceed the applied p. d. of 110 volts. These can be measur- 
ed with the V. T. V. M. by adjusting the selector switch at x 3 V so 
that the full scale reading is 150 volts. The p.d. across C and that 
across L can exceed the supply voltage of 110 volts from the variac and 
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as sucli due care must be taken in their measurement by having the se- 
lector switch at X 10 V so that the full scale voltage is 500 volts. Only 
when the p, d. comes out to be less than 150 volts, the selector switch 
should be turned on at X 3 V and then the reading taken. 

4. Observations may be taken by varying C in steps of 0* 1 ju, F 
or 0*05 i^F. 

5. The graphs must be smoothly drawn, choosing a convenient 
scale for the values of p. d. and capacitance. 

Observations. (Here we reproduce one set of observations) 

R = 1 kilo-ohm 

L = 10 Henry approx. 

Supply voltage = 105 volts 50 c, p. s. 

Table — For C, Vii, Vl, Vc, VcL 


S. No. 

C 

in 11 F 

Vc 

volts 

Vl 

volts 

Vcl 

volts 

Va 

volts 

1 

0.43 

200 

126 

97.5 

42 

2 

0.53 

210 

141 

93.0 

54 

3 

0.63 

210 

155 

88.5 

63.5 

4 

0.73 

205 

165 

81 

73.5 

5 

0.83 

198 

170 

69 

82.5 

6 

0.93 

191 

178 

64 

[ 89 

7 

1.03 

182 

183 

54 

94 

8 

1.10 

175 

185 

49.5 

96 

9 

1.25 

158 

192 1 

51 

94.5 

10 

1.33 

150 

190 1 

54 

90 


Calculations, (i) From the graphs (Vc, C) and (Vl, C), the 
point where Vc = Vl 

gives C == microfarad. 

(ii) From the graph (Vr, C) the point where Va is a maximum 

gives C = microfarad 

(iii) From the graph (Vcl, C) the point where Vcl is a minimum 

gives C == • microfarad. 

Flence mean value of C = microfarad. 

Result. The circuit with the given values of L and R becomes 
resonant when a capacitor of value, microfarad is put in serksr 

At resonance, (i) Vc = Vl 

(ii) Va is a maximum 
and (iii) Vcl is a minimum. 
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334 ^ Ijadiictive '■ Circuits in Series. .When two inductive cir- 
cuits are joined in series, the same current must €ow through them 
.both. But, in general, the e. m. f. over one will not be in phase with 


— — — — — — V — ~™ — — » _ ; » 



Fig. 33-15 

that over the other and as such the total e. m, £ required to maintain 
the current in the circuit will be less than the sum of the two e. m. fs. 


The circuit is shown in fig. 33-15. The supply p. d. is the vector 
sum of the p. ds. across the two coils, and each of these consists of two 
components, one overcoming the resistance, and the other equal and 
opposite to the reactance e. m. £ The component IR^ overcoming the 
resistance in the first coil is in phase with the current vector while the 
component IX equal and opposite to the reactance e. m. £ is 90' 
ahead of the current vector. Usually it is more convenient to use the 
vector triangle rather than the parallelogram and hence IX ^ is set up. 



Fig 334 6 

not at A, but at the end of IR^ (fig. 33-16), The resultant of these 
.= IZj is the p. d. across the first coil and leads the current by an an- 
. gle evidently the reading recorded by a voltmeter connected 

across A'Bh 

Similarly, the p. d. triangle for the second coil B'C' is shown by 
BMC, which is drawn in the position shown because the point B in each 
triangle represents the one., point B' between the two parts of the cir- 
cuit and as such it should occupy only one position in the diagram. At 
B, IR 2 has been set off horizontally and at its extremity IX 2 is drawn 
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vertically, the resultant being BC = Vg === IZg, the p. d. across the se- 
cond coil as measured by a voltmeter. This p. d. leads the current by a 
larger angle ^ 2 * P* ^^^^^ss the two coils in series, the sup- 

ply voltage is 


V = IZ = AQ 

the vector sum of and Vg leading the current by an angle 6 inter- 
mediate between the angles (j>i and ^2 <^^ch part of the circuit consi- 

dered separately. 

It is evident from the diagram that 

V2 = (IZ)2 = AC^ = CK2 + AK2 
= (GM + MK)2 + (AN + NK)2 
= (IX 2 + IXi)2 + (IRi + IR^)^ 
or Z^ = (Xi + X^)^ + (Ri + H 2 )" 

CK X, + X2 

and tan = AK = 

The total resistance in the circuit is the sum of the resistances of 
each part, and the total inductance is the sum of the separate inductances. 
Of course, the two parts are supposed to be far enough apart 
to avoid mutual induction between them. 


33*5. Inductive Circuits in parallel. The problem of a divid- 


ed circuit, having two inductances 
in parallel, can be more conveniently 
solved graphically. Fig. 33T7 
shows the circuit. 

As each branch has the same 
impressed e. m. f. E, the hypotenuse 
of each triangle will be identical. Let 
this be laid off to scale as AB. 
Since each triangle is right angled 
it can be inscribed within a’ semi- 
circle with AB as- diameter. From the 


Ri- 



E ^ 

Fig. 33-17 

constants of the circuit, the angle 
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of lagci, and in each branch can l^e calculated. The baw 

of thffirst triangle can be laid itTaid in the 

JoinNB. The value of the current Ii = AN^Ri and is i 

direction AN. , 

In the same manner the triangle AMB is laid ^ r^ladon 

,-irrnitRL The value of the curtcnt IS determined by the r..lation 
T = AM/R and lid along AM. The current I in the circuit is^the 

vector sum of and and is given by the vector 

rut the semi-circle at H. Then if R and L be the equivalent resistance 
and inductance of the divided circuit, these can be computed from the 
relation 

RI = AH 


and Lwl — BH, 

triangle AHB representing the equivalent circuit. 

33-6. Condenser Circuits in Series. Fig. (33T9) represents two 



Fig. 33-19 

canadtance circuits in series. The supply p. d. is the vector sum 
S^the p ds. across the two parts of the circuit, and each of these con- 
dsts of two components, one overcoming the resistance, and the^ other 
eaualand opposite to the reactance e. ni. f. The _ component IRx, 
overcoming me resistance in the first part of the circuit, is in phase with 

the currenfvector while the component lXi(~ I/Cjoi) equal and op- 
posite to the reactance e. m. f. is 90“ behind the current vector. This 

gives the vector triangle ABN. 



Fig. 33-20 
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Similatly, for the second part of the circuit we have the vector trh 
angle, BMC. ' 


Evidently 


V 


or"' 


Z2 


= ZI = AK2 + CK2 

= (Ril + + 

= (Ri + R2)* + (^- + -h ) 


5) 


I 


+ 


I 


and tan 


Ri + R, 


Hence it is evident that the total resistance of the circuit is the 
sum of the resistances of each part and that the total capacitance C is 
given by 

E- _L +-l 

c ” ^ Cg 

33*7. Condenser Circuits in parallel. The figure (33' 21 a) re- 
presents two capacitance circuits in 
parallel. The graphical solution 
for such a circuit is easily construct- 
ed. As the two circuits are in pa- 
rallel, each one is subjected to the 
same applied e. m. f. V. Let V bj 
laid off to scale along a straight line 
AB. At A construct the triangle 
AKT by laying off AK == along 
AB and KT = perpendi- 

cular to AKB at the point K. Both are drawn to scale. Join AT and 
produce it so as to cut at C the semi-circle drawn on AB as diameter. 



Fig. 33'21 a 



Fig. 33*21 b 

ACB is then the fight angled triangle representing the p. ds. in the first 
circuit of R^ (fig. 33*21 b). 
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Th. »«». ^ V. “?£: 

cuSS.““’b^*l>o«» o. thU diagram as I. kid off to aa appropriate 

scale along AC. 

In the same manner the p. d. trkngk for the 

can he drawn within the same circle with the same scde This is shown 

by ADB. Here tbe current in this branch is shown by la- 

■rUa.\.^,-,iTro 1 fnt circuit for this combination can be easily deter- 
mined The^current through such an equivalent circuit is I given by 

mine . T and this is represented by the diagonal of 

5he jSuelogmm by AN. Ip^f vokag; 

::i:f TthcTS. for the equivalent 
circuit. 

The impedance triangle can be constructed from the p. d. tri- 

anele AMB of the equivalent circuit. Dividing the sides of the p. . 

triansleAMB by the value of the resultant currentlj gives the co>:res- 

pindingimpedlnce triangle, the sides of which give resistance 
and the reactance of a single circuit that is equivalent to the two given 
circuits in parallel. 

resistances and cf and are two capacitances, o which is known 

& The output of the audio-frequency 

oscillator set at a frequency of 1 000 

c. p. s. is fed across AE. Between 
B and D is a headphone. Silence 
in the head-phonq indicates that the 
current through it is zero. A 
sound in the headphone does not 
indicate whether R 2 too large 
or too small for a balance,^ but Rg 
can be varied in the direction that 
gives less sound until a minimum 
sound is heard. By varying R^ 
back and forth from a value that is 
slightly too small to a value on the 
other side of the balance point that 
is just large enough to give the 
same loudness of sound as the 
smaller value, and decreasing this range in Rg until the sounds are just 
inaudible, the balance point can be located. 
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The condition for balance is evidently 



or 

whence 


Rg ; 


ojC^ 



(33.16) 


This relationship can be conveniently established by a careful 
study of the corresponding vector diagram. Using the method for 
drawing the vector diagram for such a circuit as discussed in Art. 33*7, 
we find that the vector ABE for the circuit Cj, and the triangle 
ADE for the circuit R 2 B 2 . Between B and D is connected the head- 
phone T. (Fig. 33*23). Since B and D are some distance apart as 
shown in this diagram, it means a corresponding voltage is applied to 



Fig. 33-23 

the headphone circuit. By increasing R 2 the point D wdll be moved 
over the semi-circle towards B or by decreasing Ri, B will be moved 
towards D. For proper values of R^ and Rg, D and B can be made to 
coincide when there would be no current in the head-phone. The 
bridge is then balanced. In such a case A® ABE and ADE have been 
made similar and hence 

Rgig ^ 2 ! ^^2 

Of Ci=Ca. ^ 

From the figure it is apparent that a slight change in Rg will 
change the position of D by a greater amount when AD and DE 
are equal than when they are widely different. Hence for greatest 
sensitiveness Rg should be nearly equal to l/coCg. 

In this discussion it has been assumed that the condenser arms 
of the bridge contain capacitance only. If either condenser shows 
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residual charge, it will not be possible to obtain complete silence in 
the headphone. The nearest balance will be a minimum of sound. 
For a better balance it is necessary to use a modification of thk--The 
Wkn Capacitance Bridge, 

33-9. Power factor of a Condenser. In practice every conden- 
ser dissipates some power when an alternating p. d. is applied across 
it. To account for this power loss, a condenser may be regarded as 
made up of a capacitance associated with a resistance — either a small 
resistance in series or a large resistance in parallel. Fig. 33*24 shows 


A*- j| JVWW *g 

Cs 

Fig. 33*24 

these two modes of representation of a condenser, the essential con- 
dition being that for the same applied voltage the current through the 
combination must be identical both in magnitude and phase in both 
the cases. This would be so when the vector impedances of the two 
alternative modes of representation are identical. We thus have 




f _ rp/y cuCp 


which gives 

rgy a>Cs~|--l __ 

JojCs TpycuCp+l 

• » (■^^ss^pU'^GsCpfi- 1)4- y (r pCL.Cp“j-raa*Cis — r paCs)=0 

Whence we have 
rgrpco^CgCp== 1 

and ^pCt>Cp+rsa>Gg— rpajCs=0 
or rpC^s^Gp^—fsCg 

Dividing (33,18) by (33.17) 


sGs 


Cs— Cp 
rgco^QGp' 

C8 — Cp ===(rs£t>Cg)® . Cp 


l-|-(raajCa)® 

This expresses Cp in terms of Cs, rg and 



(33.17) 

(33.18) 


(33.19) 
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fp= 


Again {torn (33.17)^^^w^ have 

fgCU^CsXCg 

Ts I 

1 


= f^s 


1+ ( i 

^vnresses ft) in terms of rg, Cg and to. 

This equation expresses ^ , j 

The factor tsCsW is factor is extremely, 

hTncc I ^nd c/diffJ by a negligible amount 
jmall, say - » ^ I ^ These values of Cs, Q 

whereas rp is approximam^^^^^^^^^ of ordinary _con- 

mdrp depend '^P°f.‘J";,S"LLtric, the po factor is of the 
densers using^ g^'^Jen then the difference between C, and Cp 

?ir 4 b sensible is not large. 

^xpsriMsni 33 '5 
Object. To detemine the ^ 

W en’s series resistance bridge ^ .i,- decimal 

Apparatus. Tw° ^^'^^^Jl^boThS «°it? and tenths of an 
ohm dial, one decimal d^al>^ ^ condenser of known capacity, 

ohm, audio-oscillator, h p and connexion wires. 

,te cond»s„, . k , ^ 

Theory. Wien’s Senes resistance mage. a 

are shown in fig. 33 - 25 . Ri an 2 
II pure ohmic_ tesistance ^ 9 
is a standard mica condenser in 

S.W' 

will be regarded as equiva 
perfect coldenser of capacitance C, 
with a resistance r i tn ®«ies * 

it. Headphone IS p a^ acro^s^^^^^^ 

If'csSTb: 

?he^utput of an audio-frequency 
oscillator of frequency lOOU 
p. s. is connected aerMS 

through a key or a switch R. 


( 33 - 20 ) 


B 
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When the bridge is balanced, i.e., there is silence in the head- 
phones, the condition for the balance is 

1 

R, _ 

cr ^1 — (^i7toQ-|-l)ya) C3 

Ra ('•2>Q4-1)/wCi 

whence (33.21) 

Kg rg 

and 

Equations (33.21) and (33.22) represent the two conditions of 
balance These may be satisfied by varying Rg and rg alternately. 
Thus when the bridge is balanced, we have from equation (33.22) 

(33.23) 

whence can be calculated. 

The vector diagram for the bridge may now be studied to throw 
additional light on the adjustments to be made for balancing the 
bridge. The vector diagram has been drawn in accordance with the 
method dealt with in the text earlier. 



Fig. 33-26 (a) and (b) 


The vector diagram for the condenser circuits Cif^ and Cg^g are 
the triangles NBE and MDE and the telephone is connected across 
BD. For balancing the bridge it is not suffi. ient that M should coin- 
cide with N which can be adjusted by altering Rg but it is also necessary 
that B should coincide with D which can be achieved by rg. Hence 
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both R 2 and are to be adjusted alternately by trial for balanc- 
ing the bridge. When the balance is achieved the vector diagrams 
for the bridge appear as in fig. 33‘26 (b). There are two sets of similar 
triangles in this figure, from which we have 


R,I,=R,I,=riIi 




giving as before, 
and 

whence 



C 

Evidently rg must be set equal to ~ in order to find the 

Lg 

value of Rg that gives silence in the headphone. 

Method. Make the connexions as shown in fig. 33* 25. For 
Ri and R 2 use two four-dial resistance boxes giving any resistance 
from 0*1 ohm to 1000 ohm. For rg use a decimal ohm box having 
two dials — units and tenths of an ohm. Cg is a standard mica 
condenser whose equivalent series resistance can be considered 
negligible. The experimental condenser is an ordinary condenser 
using paraffin wax as dielectric and is connected in the arm BE. 
The out-put of an audio-frequency oscillator is fed across AE and the 
frequency is set on its dial at 1000 c. p. s. 

Ad] ust the resistance Rj^ in the arm ABto 100 ohms. It is de- 
sirable that Ri should be nearly equal to the impedance in the branch 
BE. 

Press the key K and put the head-phone on the ears and listen to 
the sound. Adjust Rg by changing the resistance in the dial box 
in the arm AD so that the sound in the head-phone decreases. 
Now adjust rg to minimise the sound in the head-phone. After 
a few trials the bridge can be balanced. Note the values of Rg 
and Tg. 

Take more sets by altering R^ and finding the corresponding 
values of Rg and rg. 

Tabulate your observations as shown in the observation table. 
Calculate C, from each set and find its mean value. Also from each 

roG 

set calculate r^ which equals , and find its mean value. From 
a knowledge of cu, and r^, calculate the power factor cuCiri. 

Sources of Error and precautions. (1) For the determina- 
tion of C j it is not necessary that Rg and r^ should be specifically non- 
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inductive; but for the determination of the power factor it is essential 
to use non-inductive resistances. 

(2) It is important to record the frequency of the oscillator,, 
usually 1000 c. p. s., at which measurements are made since both the 
capacity and the resistance of the condenser are dependent on 

requency. 

(3) C 2 , the standard condenser, must be chosen of a capacity 
nearlyequal tothatof CiandRi should be set nearly equal to the im- 
pedance of Cl branch of the bridge. The reason for this is that the 
bridge is most sensitive when the impedances of ail the arms are equal. 

(4) The headphone employed should preferably have an im- 
pedance of the same order as that uf the other branches of the bridge. 

(5) In obtaining the balance position of the bridge for a mini- 
mum of sound in the head-phone, a number of separate attempts 
should be made. These will vary from one another by slight amounts, 
and then the arithmetic mean of the results so obtained should be 
taken. 

Observations. Capacity C^ of the standard condenser = 

Frequency at which measurements are made == c.p.s. 


Set Ri 
No. 

R2 

Mean 

R2 

^2 

[ Mean 

Calculated 

Capacity 

Cl 

Calculated 

resistance 


1 (1) 


(1) 





(2) 


(2) 



I , ■ , ' 


(3) 


(3) 





a) 


(1) 





(2) 

] 

: (2) 





(3) 


(3> 



"■“3 

(1) 


(1) i 





(2) 


(2) 1 





(3) 

C3) i 





Mean j 


Calculations. From set 1 

~ ^ Cg = = juF 

Similar calculations from other sets. 

*. Mean value of C^ = /aF 


From set 1, 


^2 



or = r< 


ohm 
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Also / = 1000 c. p. s. 

„ , = 2Ttf = 

, Power factor of the condenser Q = o) Cj 


Result. The capacity of the unknown condenser = /xF 
Power factor of the condenser = 


'Experiment 33*6 

Object. To determine the self-inductance of a given coil by 
Maxwell’s Inductance Bridge. 

Apparatus. Two four-dial resistance boxes (units to thousands), 
one three dial resistance box (units, tenths and hundredths), un- 
known inductance, a known standard self-inductance preferably hav- 
ing a value as close to the unknown as possible, audio- frequency os- 
cillator, head- phone, a key or switch and connection wires. 

Theory. Refer to fig. 33*27. 

Rs and R 4 are the resistances in 
the arms AB and BE which are provid- 
ed with two four dial resistance 
boxes with non-inductive, windings. 

In the arm AD lies the unknown 


inductance of resistance 


Rj while 


in the arm D E is the known stan- 
dard inductance Lg having» resistance 
Rg along with a non-inductive var'able 
resistance R. Across BD is the head- 
phone while across AE is fed the 
output of the audio frequency oscil- 
lator set usually at a frequency 
of 1000 c. p. s. 

The condition for the balance of 
the bridge is 


Ro 



K 


1 + 7^1^ 


or R jj (R -f- Rg) + yR 3 L 2 a) 


whence 


or 


Also 


R3 (R + Rg) 

RsLgO) 


R + Rg) + 7^2^ 

R j^R^ -f- y L iR^ w 

R 1 R 4 


R, 


(R + R2) 
RaRi^ 


(33.24) 
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(33.25) 


L, = L,. ^ (33.26) 

from which Lj can be calculated from a knowledge of L 25 and R . 

When the conditions embodied in equations (33.24) and (33.25) 
ar e satisfied, the sound in the headphone will be a minimum. Balance 
may be approached by alternate adjustment of R 4 and R. The two 
conditions of balance arc then semi-independent for while a change 
of R 4 affects condition embodied in equation (33.24), a change in R 
does not affect the condition embodied in equation (33.25). If for 


L 2 we have an inductometer so that L 2 is a known variable inductance^ 
with constant value of Rg, the two adjustments arc quite independent 
and the exact balance is conveniently obtained by alternate adjust- 


ment of R 4 and Lg. 

The vector diagram for the unbalanced bridge is of great help 
in understanding the adjustments to be made for obtaining the balance. 
The graphical representation of the inductive branch ADE is shown 
by two e.m.f. triangles APD and DQE (fig. 33*28). The corresponding 



(a) Bridge in balanced (b) Bridge baUnced 

Fig. 33*28 (a) and (b) 

diagram for the npn-inductive circuit ABE is a straight line commenc- 
ing at A and ending at E, since this circuit is also . subjected to the 
same impressed voltage V. The head-phone is connected across BD. 
For balancing tlie bridge * there should be no current In the 
headphone. This would happen if B and D coincide (fig. 33*28 b). 
This could be achieved by (i) altering R 4 so that B lies opposite D 
and (ii) then altering R so that D approaches B. With fixed induc- 
tances Lj and Lg, the only possible adjustments fora known value 
of R 3 are the values of R 4 and R. With an inductometer, adjustments 
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of R 4 and Lg would have attained the balance conveniently. It i& 
also apparent that if B and Dare to coincide at the middle point of 
AE, the four arms of the bridge must have equal impedances. 

From the figure for the balanced bridge, we have from similar 
triangles 

R| R3 

Lg R -j- R 2 R 4 

the conditions already deduced earlier. 

Method* Make the connexions as given in figure 33*27. In 
the dial resistance box in the arm AB, introduce a suitable resistance 
Rg, of the same order as the impedance in the arm DE. In the dial 
resistance box in the arm BE introduce the resistance R^ of the same 
order as R 3 . Switch on the audio frequency oscillator set at 1000 c.p.s. 
and listen to the sound in the head-phone. Adjust R 4 and R alter- 
nately and obtain the balance when the sound in the head-phone is 
a minimum. Repeat this observation twice. 

Alter the value of Rj and repeat the experiment. From each 
set calculate the value of and then find its mean value. 

Sources of Error and Precautions. (1) The resistances Rg 
and R 4 should be of the same order of magnitude and equal to the 
order of magnitude of the impedance in either inductive arm of the 
bridge. This is to ensure that the bridge is in the sensitive condition 
and as such can be accurately balanced. 

(2) In obtaning the balance position of the bridge for a mind 
mum of sound in the headphone, a number of separate attempts shouls 
be made. These will vary from one another by slight amouner 
and then the arithmetic mean of the results so obtained should be 
taken. 


(3) Referring to equation (33.24) we have 


R, 


Ra (R + R2) 


^Rs 

'R 


^4 
R2 + 

4 R 4 


R. 


If Rj: is less than R., R will have to be negative. When such 


is the case R will have to be placed in the same arm as and not 
in the arm In which we have Lg. 

To avoid this difficulty it is desirable to have a decimal ohm box 
in each of the arms AD and DE and use both or one of 
them whichever is necessary. 

(4)* For different sets of observation, ; variation inRj should 
not be large. ■ .... 
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Observations and Calculations. 
Known standard inductance L 2 = mH 


Set ■ No. 

R3 R4 

ohms ohms 

Mean 
value 
of R 4 
ohms 

R 

ohm 

Mean 

I ohms 


T 

(i) 

(ii) 

(iii) 


(ii) 

(iii) 

: 


2 









1 

. jT . * 1 



Mean | 


Result. The inductance: of the given coil = mH. 

33T0. Maxwell’s Self-inductance Bridge — Coils in parallel. 
When the two inductances, the unknown and the known Lg, are 
placed in adjacent and parallel arms of the bridge, as shown in figure 





33' 29, there is a non-inductive resistance in series with each coiL The 
condition for the balanced bridge is evidently 
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Rg , Rj' ■ “I" 

y:r \ ■'R ,^: (Rg + R) H*;/L2W 
or Rg (Rg+R) 4“ 7R3R2 ^^RiR44:/RiR4^^^ 
whenccj equating reals on each side and likewise unreal. 


or 

and 

or 

giving 


R 3 (R + R^) - R 1 R 4 

h 

X "'R+R 2 

L2R3 R1R4 



(33.27) 

(33.28) 


Li = L, X -4^ (33.29) 

Hence for no sound in the headphone, the two conditions em- 
bodied in equations (33.27) and (33.28) have to be satisfied. Balance 
may be approached by alternate adjustment of R 3 and R for a fixed value 
of R 4 . Then can be calculated in terms of Lg, R 3 and R 4 . 

The vector diagram of the bridge is given in figure 33*30. The 
p. d. triangle for the branch consisting of R , Ri and Li is ABE while 
for the other parallel circuit is the triangle ADE. The headphone is 



Fig. 33*30 Unbalanced Bridge 

connected across BD. For the balanced bridge B should coincide with 
D. This can be achieved by altering R 3 and R to the desired values 
for a fixed value of R 4 . Fig. 33*31 depicts the vector diagram for the 
balanced bridge, and we then have 

47 
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E, R + R, Lg " 

the same conditions as deduced earlier. 



Fig. 33*31 Balanced Bridge 

_ Orai Questions 

IMPEDANCE OF AN A C. CIRCUIT 

What do you underst nd by the impedance of an A, C. circuit ? What is 
reactance? What is the relation between impedance, reactance and ohtnic 
resistance? What is inductive reactance of a circuit? What part does it play 
It: a circuit ? What is wattless current ? What is choke ? What is the diiference 
between a H. F. and a L. F. choke ? What is capacitive reactance? Which 
would you prefer to use and why when you want to reduce the current in an 
A, C. circuit — a choke, condenser, or a resistance? What is the relation 
between the total applied E. M. F. in a circuit and P. Ds. across the resistance, in* 
ductance and capacitance in that circuit ? Compare an A. C. circuit with a D. C. 
circuit. What is the difference in the behaviour of a condenser when used on 
D. C. and when used on A* C. ? 

What is the difference in the measuring instruments used for A. C., and 
D. C. ? Can a D. C. instrument be used on A. C. ? Gan an A. G. instrument be 
used on D. C. ? What is virtual, effective or R. M. S. current in A. C. circuit ? 
Explain the significance of each term? What is the maximum voltage when the 
voltmeter reading is 220 volts A. C. ? What is power factor ? What is the 
difference between apparent watts and true watts. 

A. C, FREQUENCY - AND CAPACITANCE OF A CONDENSER 

What do you mean by the frequency of A. C. mains? Explain how you 
find it out experimentally with an electrical vibrator. What is the function of 
the solenoid and the permanent magnet in the vibrator? What for do vou use a 
25-watt lamp in series with the solenoid ? Is ir necessary to adjust the length of th? 
steel rod before starting the experiment ? If so, why ? What are the sources of 
error in the experiment ? What precautions do you observe and why ? 

Explain how the condenser is first charged and then discharged through the 
micrometer. ' Why do you get a continuous current as indicated by ^'he micro^ 
arnmetef ? What is the function of the steel discs T, T, ? Can you use it to compare 
the . capacitances of two condensers ? If so, how ? Is this method of comparing 
capacitances superior to the ballistic galvanometer method ? Point out the relative 
merits and demerits of the two methods. 
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: ' POWER FACTOR OF AN A. C. CIRCUIT ■ 

What is the expression for tlie power consumed in an ohmic resistance? What 
is the expression for the power consumed in an inductive circuit ? What do you mean 
by power factor ? What is the relation ^ between apparent watts and true watts con- 
sumed in a circuit ? What is the power factor of a pure inductive circuit ? What is the 
order of the ohmic resistance or d. c. resistance of the inductance that you are using ? 
Draw the p. d. Vector diagram for the circuit. Can you calculate from this Vector dia- 
gram (i) the resistance of the inductive or load circuit and (ii) the inductance of the 
coil ? Will the calculated value of the resistance of the load circuit be the same as the 
d.c. resistance ? If there is a difference, how do you account for this difference ? 
Which is greater— -the calculated resistance from Vector diagram or the measured d. c. 
resistance ? What precautions do you take in the experiment ? Why should the values 
of p. d. across various points be measured very accurately ? Should you make an ap- 
roximation while taking the voltmeter reading when the pointer lies between two 
scale divisions. Is there any other simple method of measuring the power factor ? 

STUDY OF SERIES RESONANCE 

What do you mean by resonance ? When does resonance occur in a series a. c. 
circuit ? When resonance occurs what is the relationship between p. d. across induc- 
tance and the p. d. across capacitance ? Can these values of p. d. be greater than the 
supply e. m. f. at resonance ? What is theoretically the value of p. d, across both L 
and C, and why ? Do you achieve this condition practically ? How do you account 
for this uiffcrencc ? At resonance, what is the p. d. across the resistance theoretically ? 
Do you get this result practically ? How do you account for this difference ? Why 
do you use an inductance coil of about lo henry in the circuit. How is such a coil 
made ? How docs the inductive reactance vary with frequency ? How- docs the ca- 
pacitive reactance vary with frequency ? Draw graphs to illustrate your above ans- 
wers. From these graphs, draw the graph of the net reactance with frequency. What 
conclusion can you draw from the net reactance graph ? Explain the nature of graphs 
(Vc, C), (Vu> C) that you have drawn in this experiment. At what value of C docs 
resonance occur ? Explain the nature of graphs fV^, G), (Vcl? Q that you have 
drawn. At what value of C does resonance occur ? What precautions do you take 
in the experiment. , 

WIEN’S SERIES RESISTANCE BRIDGE FOR CAPACITY 

For what purpose do you use this bridge ? Draw the Vector diagram for an 
unbalanced bridge. From the diagram point out what adjustments w^ould be necessary 
to balance the bridge. What are the conditions for the bridge to be balanced ? How 
do you test this balance ? What is the imp<2dance of the headphone ? Does it vary 
with frequency ? Why do you use a mi;v’a condenser of known capacity, why not a 
paper condenser ? Why do you consiart a condenser as equivalent to a capacitance 
with a resistance in scries with it ? Which of the resistances in the bridge should be 
specifically non-inductive for the determination of the power factor of the condenser ? 
Why is It important to record the frequency of the oscillator, usually looo c. p. s, ? 
When is the bridge most sensitive ? What precautions do you observe in the experi- 
ment.' 

■ ■ MAXWELL’S INDUCTANCE BRIDGE 
(Coils in Series) 

For what purpose do you use this bridge ? Draw the Vector diagram for an un- 
balanced bridge. From the diagram point out what adjustments would be necessary 
to balance the bridge (a) if the standard in duct an ee is fixed, (b) if this is variable in a 
known manner. What are the conditions for the bridge to be balanced ? Wfiaat 
should be the order of die resistance R3 and R4 ? What is the purpose of choosing 
R3 and R4 of this order ? Why do you use a decimal ohm box in series with both L3 
and Lz? Would one decimal ohm box in series with Lz not serve the purpose? 
What difficulty may you experience by using only one decimal ohm box in series with 
Lz ? ^ What precautions do you take in the experiment ? What is an inductometcr ? 
Why is it more- useful for this experiment that a fixed inductance ? 
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DIODE, TRIODE AND TETRODE VALVES 

34‘i, Thermionic Valves. A thermionic valve (Fig. 34’i) 
consists essentially of a heated 
conductor emitting electrons, knov^n 
as the cathode and a surrounding plate 
or cylinder called the anode. In 
between the cathode and the anode, 
all valves except a diode have one or 
more additional electrodes called the 
grids. The electrodes are mounted on 
a suitable supporting structure inside 
a vessel made of glass or metal. A 
glass pinch is formed at the base of the 
tube which carry the connecting wires 
between the electrodes and the outside 
terminals. 

The cathode is in general of two 
types ; {a) The directly-heated or 

filamentary type and {h) the 

separate-heater or indireqtly-heated 
type. The filamentary type 
consists of wires or 
ribbons made of (/) 
pure tungsten or (ii) 
thoriated tungsten or 
{Hi) a metal or an 
alloy coated with 
specially active mate- 
rial, such as alkaline 
earth metals and their 
oxides. Pure tungsten 
filaments are now not 
used to a great extent 
on account of lower 
energy consumption 

and absence of true Fig. 34*2 ^ ^ ^ ^ ^ ^ ^ ^ 

saturation effects in thoriated tungsten and all coated filaments. Hows 
ever, in tubes which are operated at high anode potentials, tungsten 
filaments are still preferred because of their greater ruggedness and 
stability. 

The separate-heater or indirectly-heated type cathode consists 
of metal tubes (Fig. 34’a^) with insulated heater wires of pure 
tungsten at the centre. The metal tubes are externally coated 
with electron-emitting oxides and the wires are often spiralled. 
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The grids of high vacuum tubes (Fig. 34’ }) are usually made 

of a Spiral or mesh of molybdenum wire 
wound in grooves on the supporting 
wire. In cheaper type iron-nichrome, 
iron-nickel or manganese-nickel alloys 
are used for grid materials. The anode 
is usually a circular or flattened cylinder 
of nickel or iron surrounding the grid 
and the cathode but may consist of two 
parallel plates situated on opposite sides 
of the cathode. 

Most of the valves are of high 
» vacuum type so that the whole vessel is 
24-3 completely exhausted, but in some valves 

a trace of ^ome inert gas like heUum or mercury vapour is inserted 
Completely exhausted valves are known as high vacuum tubes or 
bard valves and those in which a trace ot gas is inserted are 
called gas-filled tubes or soft valves. Soft valves require careful 
adiustmlnt owing, to then anode current depending largely ori the 
pressure of the |as which is atlected by temperature arid occlusion. 

When the filament or the separate-heater cathode of a high 
vacuum tube is heated by an electric current, electrons fe emitted 
into the region surrounding the cathode. If an external field is 
present which removes the electrons as fast as they are liberated, 
Lre is a steady loss of electrons ' from the n^tal which is 
equivalent to a current flowing into the metal. The magnitude 
of this current depends upon the number of electrons hberated per 
second and hence upon the temperature^ of the metal. If the 
external field is sufficient to remove the electrons as soon as they 
are emitted, the current per sq. cm. of the heated surtace is given 
bv /=^TiA/T where T is the absolute temperature and a and t 
aJe constants for the given substance. In case the external field 

is not sufficiently great to remove the electrons as fast as they are 

liberated, cloud of electrons is forined near the cathode surface 
which exists a repulsive force on the electrons just leaving the metal. 
This electron cloud is known as spa^e charge. In the absence of the 

space charge the current / is related to the 

external held E by the equation / cjcE . 

Xn there is no external field, the space 
charge may accumulate until it reaches 
such a magnitude that it repels all the 
electrons as soon as they are emitted with 
the result that there is no flow pf current. 

34-2. Diode valve. Diode valve 
was invented by Fleming in 1904 and as its 
name suggests consists of two electrodes 
(Fis. 54*4)? namely, the cathode and the 
anode. When the cathode is heated 

by an electric current, electrons are 
mitted fi^om it* When the anode 
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is at a positive potential with respect to the elcctionb 

are attracted to it to form an anode current, 

■ In the absence of' space charge,, the current is proportional 
to E®/^ and hence to V®/®, where V is the anode potential and 
E is the field due to it around the caliode. As the positive 
potential on the anode is raised, the node current increases until a 
saturation effect is produced, when ^ 

further .anode-potential ./ increase | -'A 

does not cause any further appreci- v- 

able rise' of anode current. -This ' ji'j ' . 

behaviour of the diode is illustrated J'!' 

in fig, 34 * 5 . Over the portion AB 
of the curve, the valve is said to be 
saturated and the corresponding 

current is called the saturation 

current. The saturation current can € Anode poienii n 

be increased by increasing the 

temperature of the cathode. When Kg* 34*5 

the anode is kept at a negative potential with respect to the cathode, 
no electron can reach it and consequently no current flows across 
the valve. 

In an ideal valve the portion AB and CB would intersect 
at a sharp angle, but owing to end effects of the electrodes, etc,, 
tflis angle is rounded off in actual practice. It may be noted that 
the slight rise in the portion BA of the curve is due to the slight 
ncrease in the saturation current of the diode on account -of 
Schottky effect. According to this effect the total electron emission 
from a thermionic cathode at a specific temperature is increased to 
a small extent by the application of a positive electric field at 
the cathode surface. This effect is somewhat more marked if 
an indirectly heated cathode is used. 

A diode valve is chiefly used as (i) a rectifier for a power 
supply, (w) a detector of wireless signals and (in) a high frequency 
voltmeter. 

’Experiment 

Object. To draw the anode-current anode- voltage characteristic 
curve of a diode and then to find its internal resistance. 

Apparatus. A diode valve mounted on a panel, a low-tension 
battery, a high-tension battery, two rheostats, a voltmeter, 
a milliammeter, an ammeter and two one-way plug keys. 

Theory. The internal resistance of a diode valve is defined 
as the ratio of a small change of anode voltage to the corresponding 
small change of anode current. Expressed symbolieally 


The resistance of a diode is often spoken of as its anode 
impedance or slope resistance. Since it is not constant, it must be 
measured at a specified mean anode potential 
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Referring ^ 54*5 which represents the characteristic 

curye of a diode, it is evident that the anode resistance of the 
valve at the potential corresponding to a point P on the curve 
is equal to the reciprocal of the slope of the curve at P, i,e.. 


^ Si"”" QS 


( 34 - 1 ) 


Method. Connect the cathode terminals of the valve to a 



Fig. 54*6 

terminal of the L. T. battery and 
across the rheostat Rn as shown. 


low-tension battery (Fig. 34’6) in 
series with a suitable resistance 
and a sensitive ammeter A, 
including a plug key in the 
circuit. Join a high-tension battery 
across a rheostat R^, including 
a key Kg in the circuit. Connect 
the anode terminal of the valve 
to the — ve marked terminal of 
the milliammeter, the J- ve marked 
terminal of which is connected 
to the sliding contact maker of the 
rheostat R2. Join the —ve terminal 
of the H. T. battery to the — ve 
finally place a 150 volts voltmeter 


Insert the valve in its socket, close the key and adjust the 
current in the cathode*-circuit by means of the rheostat to a 
value specified by the manufacturer. Close the ’key Kg and apply 
a low potential to the anode by adjusting the rheostat R2. Note 
down the readings of the milliammeter and the voltmeter. Increase 
the anode potential in small steps, say of 5 volts, noting its value 
and the corresponding value of the anode current at each step till the 
anode current reaches a saturation value. 


Plot a graph taking the various values of anode potential as 
abscissae and the corresponding values of anode current as ordinates. 
The graph will be as illustrated in fig, 3 4’ 5. Take a convenient 
point P on the portion CB of the curve. Draw a tangent at the 
point P to the curve* Take two points Q and R on the tan gent 
one on each side of P and draw lines QS and RS parallel to the 
Yo and X axes respectively. Measure QS and RS, and according 
to the scale adopted, find the change in anode potential corresponding 
to RS and the change In anode current corresponding to QS. 
Finally calculate the internal resistance of the valve R from equ. (34*1 ), 

Repeat the experiment with a io\yer value of filament current 
(dotted' curve). , 

Sources :.of error and precautiotis,'; , '(i) -The ■■■■— ve marked 
terminal of the milliammeter should be connected to the anode 
terminal of the valve. 
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(2) The cathode current must not exceed the value specified 
by the manufacturer and should remain constant throughout. 

(3) The maximum anode voltage should not exceed the limit 
permissible. 

(4) Only the portion . CB of the curve should be used for 
calculation of resistance of the valve. 

Observations. Cathode heating current = amp. 


S. No. 

Anode potential 
volts 

Anode current 
amp. 





Calcations. From the graph (34‘5^> we have 


QS= 


amp. 
R RS 


RS= 


volts 

ohms 


<Crid 



PiaU 




Results The anode-current anode-voltage characteristic curve 

of the given diode valve ia shown in fig and the value of its 

internal resistance== ohms. 

34 ‘ 3 ' Triode Valve; The three-clcctrodc or triode valve 
was invented by Lee De Forest in 1907. It consists of three 
elements, namely, the anode or plate, the grid and the filament 
as illustrated in fig. 54*7. The electrode? arc mounted on a suitable 
supporting structure and contained 
in a vessel of glass or metal. 

When the cathode is heated to 
emit electrons, they arc attracted by the 
anode which is always maintained a at 
high positive potential with respect 
to the cathode. The grid may be 
raised to a positive or negative potential 
with respect to the cathode and 
consequently it will attract or repel the 
electrons coming from the cathode. 

Thus the field around the filament is 
produced jointly by the grid and the 
anode. Let the potential of the grid be 
Vg and that of the anode both with 
respect to the cathode* In the absence 
of space charge, the electrodes may be Fig. 34.7 

treated as ordinary electrostatic condensers and in that case 


Hoc (G^fVa+Cg,Vg) 
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where Gaf and Cgf are the capacitance of the anode-filament and 
the grid-filament respectively. Now 

/oc E »/2 

Hence / oc (C^f V^-fiCg, Vg) »/=* 

or ;WK(Va+>rVg)*/® 

where K is a constant containing Caf and 
evident from the above equation that the current leaving the 
filament is determined jointly by the potentials of the grid and the 
anode and that a potential V on the grid is fi times as effective 
in producing current as a potential V on the anode. The quantity p 
is called the amplification factor of the valve. It is a structural constant 
of the valve and may be varied over a wide range. 

The electron current leaving the filament divides itself into 
two branches one part goes to the grid and the other to the anode, 
but the way in which the division takes place does not depend upon 
the relative potentials of the grid and the anode. The potentials 
applied to the valves in wireless are very high so that when the 
electrons reach the plane of the grid they are moving rapidly. 
Consequently although the grid may exert a great attractive force 
on them, it produces only small deviations in their paths. Most 
of the electrons, therefore, shoot through the grid spaces and finally 
reach the anode. It follows from this that, provided the potentials 
on the grid and the anode are sufficiently high, the way in which 
the current divides between the grid and anode is determined by 
the shadom ratio y i.e.^ tht ratio of the projections of the grid and 
anode as seen from the filament. Since in most valves the spaces 
in the grid subtend a much larger area than the wires of the grid, 
most of the electron-current reaches the anode. But as the grid 

is closer to the supply of electrons than is the anode and as the 

electrons going to the anode must all pass through the grid, it is 
a good controller of the anode current. When the grid is made 
negative with respect to the filament, it repels electrons and in a 
sense assists the space charge in forcing the electrons back towards 
the filament. This results in reduction of the anode current that 
would otherwise flow to the anode. Thus the grid acts as a control 
electrode in a triode. 

34*4, Constants of a Triode* There are three constants 

or coefficients of a triode valve, namely, {d) amplification 

factor, (b) grid-plate transconductance and (^) plate resistance. 

(a) Amplification factor. It is a measure of the effectiveness of 
the grid with respect to the anode or plate and /^/^J?^ 
ratio of the change in anode voltage required to produce a certain 
change in the anode current to the change in the ^id voltage which would cause 
the same mall change of the anode current. In other words, the 
amplification factor is the ratio of the change in anode voltage to 
the change in grid voltage, as this change is made infinitely small 
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with the aaode cutTent being held constant. Thus, it and Vg 

be the anode voltage and grid voltage respectively and 
anode eurrent, the amplification factor is given by 

sv 

g:^ ■; . (la constant) . 

The aaiplification factor has no unit. Its value is alv/'ays greater 
than anity and in the case oftriodes it may be as high as 150. 

(b) Grid plate tratiscoaductance {mutual conductance). . It. i's 
defined as the rate of change of anode current with grid voltage, keeping the plate 
voltage constant \ or expressed mathematically 

where gm stands for the grid plate traiisconductance. It is given 
by the slope of the grid voltage-anode current curve and is 
measured in ohms. 

(c) Plate resistance. It is the internal opposition between the 
filament and plate to the flow of alternating current component 
and may he defined as the reciprocal of the rate of variation of 
anode current with anode voltage, grid voltage being kept constant. Expressed 
mathematically 

rp = (Vg constant) 

where rp is the plate resistance. The plate resistance is given by 
the reciprocal of the slope of the plate-voltage anode-current 
curve and is measured in ohms. It is sometimes referred to as 
plate impedance but for all except the high radio frequencies it is 
essentially a resistance. 

The above quantities are not exactly constant^ but vary with the 
direct electrode voltages. Ttiey are approximately constant over 
the straight portion of the characteristic curves and vary considerably 
as the bends in the curves are approached. The tube constants are 
related by the expression 

34*5. Characteristic Curves of , a Triode. In a high 
vacuum triode there are. three independent variables, namely, the 
cathode temperature, the node voltage and the grid voltage, and 
two dependent variables, namely, the anode current and the grid 
current. Curves may be drawn by permitting any one of the 
first three to vary, keeping the other two constant. Such curves 
are known as characteristic curves of the tube. The most important 
of these curves for a triode is that between grid voltage and 
plate current. It should be noted that These curves portray 
accurately the instantaneous action of the tube under any circumstances 
whatsoever. 

E,xperiment 54 2 

Object. To draw the grid voltage-plate current characteristic 
curves of a triode and to determine from them the value of the rube 
constants. 
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, Apparatiis. ,A trlode valve with its socket fitted to. a board, 
a low-tension battery of two accumulators, a grid-bias battery of cells 
of, say 50 volts, a high tension battery of dry cells or any other con- 
venient source of potential from o to 100 volts, a millianimeter, a 
sensitive ammeter, a voltmeter reading up to 150 volts, a high resis- 
tance 2erO“ centred voltmeter reading up to 20 volts on either side, 
suitable rheostats and plug keys. 

Theory, Let the fig. 34*8 represent the grid voltage-plate 
current characteristic curves for three difierent plate voltages, 
say V^=4o, 60 and 80 volts. Referring to the curves PA CM and 
QBN, it is evident that the plate current can be changed by an 
amount AB either (i) by lowering the plate voltage from V3_= 60 
to Y2=4o volts, keeping the grid voltage constant or (//) by 
decreasing the grid voltage by an amount BC, keeping the plate 
voltage constant at ¥3^=60 volts. Hence from § 34*4 W? the 
amplification factor is given by 

( 34 . 2 ) 

Referring to the curve PA CM, a change of grid potential by an 
amount BC produces a cha.nge of plate current by an amount AB. 



Fig. 34-8 

Hence from § 34‘4 (b), grid-plate transconductance is given by 

(54.3) 




BC 
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These two equations can be used to calcuiate and gm and 
having evaluated them, the plate resistance can be calculated from 
the expression 

rp=-^ (34.4) 

Method. Connect (Fig. 34*9) the filament terminals of the 



Fig. 34-9 

triode valve to the low-tension battery in scries with a fine iheostat 
Rjl and a sensitive ammeter A including a plug key Kj in the circuit. 
Connect the grid-bias battery across a rheostat Rg including a 
plug key Kg in the circuit. Join the mid-point of the grid-bias 
battery to the — ve of the low-tension battery and connect the 
sliding contact maker of the rheostat Rg to the grid terminal of the 
valve, placing a high resistance zero-centred 20 volt voltmeter 
across the grid and the filament as shown in the figure. Join the 
high-tension battery to a rheostat R3 including a plug key Kg in 
the circuit. Connect the plate terminal of the valve to the — marked 
terminal of milliammeter, the -f marked terminal of which is con- 
nected to the sliding contact maker of the rheostat Rg placing 
a 150-volt voltmeter across the rheostat Rg as showm and joining 
the — ve of the high tension battery to the —ve of the low-tension 
battery. 

Insert the valve in the socket, close the key and adjust the 
rheostat R^ till the heating current as recorded by the ammeter A 
equals that specified by the manufacturer. Close the key Kg and 
adjust the rheostat Rg till the voltmeter Vg registers, say 40 volts. 
This applies a +ve potential of 40 volts to the plate with respect to 
the filament. Then close the key Kg and adjust the rheostat Rg 
till the voltmeter reads say —15 volts, /.<?., a — ve potential of 15 
volts is applied to the grid with respect to the filament. 

Note down the plate current as registered by the milliammeter 
in the plate circuit. Keeping the plate potentiaF and the filament 
current constant with the help of the rheostats meant for the purpose, 
increase the grid potential in steps of 2 volts or less till it is about "1-^5 
volts, noting the plate current for each value of the grid voltage. 
Plot a curve between the grid voltage and the plate current taking 
the various values of grid voltage as abscissae and the corresponding 
values of plate current as ordinates. 
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Next keeping the filament cutrent constant, alter the plate 
potential to, say 6o, 8o volts, etc,, and take at least two more sets o£ 
observations for variation of plate current with grid potential ; 
and plot similar grid voltage-plate current curves on the same 
graph. The curves will be as shown in fig. 34*8. 

Take a convenient point B on straight portion, near the 
middle, of the curve QBN and draw from it two straight lines BC, 
and BA parallel to X and Y axes cutting the upper curve PACM at 
C and A respectively. According to the scale adopted, find the 
change in plate current corresponding to AB and the change in 
grid voltage corresponding to BC. Note down the difference between 
the plate potentials and V g corresponding to the curves 

PACM and QBN. Calculate the value of ja and^gm from equations 
(54*2) and (34*3) and then that of fp from equation (34*4)‘ 

Sources of error and precautions, (i) The filame^j^. ueating 
current must be maintained constant throughout the experiment by 
adjusting the rheostat in series with the low-tension battery, 

if necessary. 

(2) The — ve marked terminal of the milliammeter should be 
connected to the anode. 

(3) The potentials applied to the grid should be both positive 
and negative with respect to the filament. This can be done 
conveniently by dividing the grid-bias battery into two parts as shown 
in the figure, and using a zero centred voltmeter to register the 
grid potentials. 

(4) The maximum voltage applied to the grid should not exceed 
20 volts otherwise the filament may be broken due to excessive 
mechanical strain. 

(5) While taking observations for the plate current with 
different grid potentials, the plate potential must be kept constant 
for each set by adjusting the rheostat R3, if necessary. 

(6) The straight portion of the characteristic curves must be 
used to evaluate the tube constants. 

Observations. Filament heating current = amp. 


S. No . 

Grid potential 

volts 




Plate current with plate potential 
equal to 


40 volts, 
milliamp. 


60 volts, 
milliamp. 


80 volts, 
milliamp. 
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Calculations, Form the graph (3 4' 8) 

DifFereace between plate potentials of the curves PA CM and 

volts 
volts 
amp. 


ohms , 
ohms 

Result, The grid voltage-plate current characteristic curves 

of the given triode valve are shown in fig .and the values of 

the tube constant are : 

mhos and rp = ohms 

34*6. Uses of a Triode, The main uses of a triode 

valve are as follows : 

(a) As an amplifier. We have seen in § 34*3 that a potential V 
applied in the grid circuit of a triode is /a times more effective in 
producing change of plate current than an equal potential V 
applied in the plate circuit. Consequently, if a signal is applied to 
the grid of the valve, it will produce corresponding large variations 
of plate current resulting in a large voltage drop across a load 
including in the plate circuit, the valve can be used as an amplifier, 

(b) As an oscillator. If the load in the plate circuit of a triode 
is inductive, then for its certain values, the input resistance of the 
valve reflected into the grid circuit h negative. Consequently, if the 
grid of the valve is connected to an oscillatory circuit consisting of 
inductance and capacitance and the load in the plate circuit is 
properly adjusted, the effective ohmic resistance of the oscillatory 
circuit may be made aero or even negative. In such a case if 
oscillations are onqe started in the oscillatory circuit, they may 
continue to build up, the energy for their maintenance being fed 
back from the plate circuit through the grid-plate capacitance of the 
valve. 

(c) As a rectifier. When a signal is applied to the grid of a 
triode, there is an increase of plate current during the positive 
half-cycle and a decrease in the negative half-cycle. If we work 
on the curved portion of the characteristic curve and, if initially 
there is zero average potential on the grid, the alternate increases 
of^ plate current will be greater than the alternate decreases, there 
being a mean increase of plate current. Consequently the valve can 
be used as a 'rectifier. 


# '\ 


QBN. 




Change in grid potential corresponding to BC= 
Change in plate current corresponding to AB- 




BC 


_ AB 

Sn- BC 


and 


rp- 


Ji 
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The above uses of a triode have made possible radio broadcast 
and reeeption, the long distance telephone, facsimile-picture 
tfansmission, public address systems, automatic and remote control of 
power and machinery, television, direct-current power transmission 
and numerous other achievements. 


34.7. Inter-electrode Capacitances. Various electrostatic 
fields exist between the charged electrodes of a triode, such as the field 
between the plate and the grid, between plate and cathode, and between 
grid and cathode. The presence of an electrostatic field is equivalent 
to an electric capacitor. Capacitances thus exist between any two 
pieces of metal separated by a dielectric, the value^^^of the capacitance 
depending on the size of the metal 
plates, the distance between them and 
the type of dielectric (usually a 
vacuum in triodes). The inter-electrode 
capacitances of a triode are shown in 
fig. 34*10. Cgp represents the grid 
to plate capacitance, Cgii, the grid to 
cathode capacitance and Cp]j, the plate 
to cathode capacitance. These capa- 
citances are usually small, of the Fig. 34.10 

order of 2 to 10 micro-micro^-farads. 

‘'Their reactance at the higher radio-frequencies becomes low and 
thus leads to undersirable coupling effects. Cgp, the grid to plate 
capacitance has the property of feeding back energy from the plate 
(out-put) circuit to the grid (input) circuit, which may lead to 
instability and oscillations. This property is generally undesirable.’’ 

A reduction in inter-electrode capacitances can be achieved by 
additional shielding electrodes which leads to the design of multi-ele- 
ctrode tubes. 



34*8. Tetrodes. The iiiideskabie effect of grid-to-plate capa- 
citance in trlodes has led to the development of the tetrode. This 
capacitance, as mentioned earlier, leads to coupling effects and ins- 
tability in radio-frequency amplifiers that cannot be usually eliminated. 
This problem of feed back can be conveniently solved by inserting an 



additional shielding electrode in the triode bet- 
ween the control grid and the plate. We call this 
the screen grid (Gg in fig. 34*11). This acts as an 
effective electrostatic shield between plate P and 
control grid Gj, and thereby reduces the grid-to- 
plate capacitance to a value as low as 0*01 /x/xF, 
which effectively cancels the feed-back action 
and brings stability in r.£ amplifiers. The arran- 
gement of the four electrodes in the tetrode 


Fig. 34.11 is depicted in fig. 34*11. The screen grid is 

similar to the control grid but of a somewhat coarser mesh. The 
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tetrode is operated in the same manner as the triode, with the cathode 
near ground potential, the control grid at a small negative bias volt- 
age, and the plate at a fairly high positive potential. The screen grid 
is also placed at a high positive potential with respect to the cathode, 
but some what lower than the plate potential. This positive voltage 
on the screen grid accelerates the electrons on their way to the plate 
and thus aids the electrostatic field of the plate. However, some of 
the electrons strike the screen grid and produce a Screm Current^ which 
is not useful, but most of the electrons pass to the plate through the 
coarse open mesh of the screen to produce the useful plate current. 

As a result of the shielding effect of the screen grid, the electros- 
tatic field of the plate has little effect on the electron space charge near 
the cathode. Hence variations in plate voltage have little effect on the 
plate current, and thus a much greater change in the plate voltage is 
required to produce the same change in the plate current than would 
would be necessary in a triode. This means that the plate resistance 
of a tetrode is far greater than that of a triode. It is usually of the 
order of O' 5 to 1 megohm. 

The action of the control grid has about the same effect on the 
plate current as in a triode as it is not shielded from the space charge 
by the screen grid. As the tetrode requires a very large change in plate 
vol age to produce a small change in plate current, the amplification 
factor of a tetrode is far higher than that of a comparable triode. 

Experiment 2> A* ?> 

Object* To plot the static characteristics of a tetrode valve. 

Apparatus. A tetrode valve, high tension and low tension 
power supplies, two milliammeters 0— 10mA, two voltmeters 0— 160 
volts, one voltmeter 0—5 volts, four rheostats, key and connection 
wires. ■ . • ■ ■ ■ ■ ■ 

Method, (i) Make the connexions as shown in the circuit dia- 
gram so that a requisite d. c. potential may be applied to the grids and 
the plate. Before switching on these voltages keep the variable point of 
the rheostat in a position so that the applied voltages are a minimum. 

(ii) Record the recommended values of the various potentials 
from the tube manual. 

(iii) Keep the control grid potential Vc at 2 ero volt and the 
screen grid potential Vg at a value less than the recommended one. 
For the tetrode of type 24 A, let it be say, 88 volts. 

(iv) Start with the anode potential Vp at 2 ero value and note 
the anode (or plate) and screen grid currents Ip and T respectively. 

(v) Increase the plate potential in steps of 5 volts with the help 
of the rheostat and record the plate and the screen grid currents in 
each case. Continue your observation to values of plate potential. 


Fig, 34.12 

greater tJttan screen grid potential, such that the variation of plate 
current is meagre with the variation of plate potential. This com- 
pletes one set of observations. 


(vi) Keeping the screen grid potential constant, change 
the control grid voltage to a slightly negative value, say — 3 volts and 
repeat the set of observations. 
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(vii) Furtker observations may be taken by altering the screen 
grid potential and repeating steps (iii) to (vl). 

(viii) Plot a graph showing the variation of plate and screen 
grid GTirrents, Ip and Ig respectively, with anode potential, stating on 
the graph the fixed values of grid bias and screen grid potential. 

The graph above is a sample graph of observations when the 
control grid potential was —3 volts and the screen grid potential 88 
volts. 

Sources of Error and Precautions. (1) The filament heating 
current must be maintained constant throughout the experiment by 
adjusting the rheostat R4 in series with the low tension supply, if ne- 
cessary. . 

(ii) The negative marked terminals of the milliammeters 
should be connected to the anode and the screen grid. 

(iii) The heater voltage must not exceed the recommended value 
as this may damage the cathode because of excessive emission. 

(iv) Anode and screen grid voltages should also be kept below 
the recommended values. 

Observations 


S.Nol 

1 Plate 
; voltage 

Screen grid voltage 

V 

Screen grid voltage = 

=■' V 

C. G. voltage^: 

0 volt 

C. G. voltage 
= — 3 volt 

C, G. voltagc= 

0 VO It 

C. G. voltage =- 
— 3 volt 


: Vp 

ip 

1 Is 

1 Ip 

i Is 

Ip 1 

Is 

I Ip 

Is 


, i 

mA 

mA 

m A 

1 

mA 

mA : 

mA 

mA 

mA 


Result. Fig. 34T3 depicts the plot of the required chafac- 
teristics of the tetrode No. 

Discussion of the Graph. (1) ^late current curve. Let us exa- 
mine the curve of the plate currrent Ip. With the screen at 88 volts 
and plate at 2ero, virtually all the space current flows to the screen. A> 
the plate voltage is increased, some of the electrons pass through the 
mesh of the screen grid and reach the plate resulting in a rise of the 
plate current. But as the plate voltage rises the electrons strike the 
plate with greater energy, knocking other electrons off the plate. This 
phenomenon is known as secondary emission. The number of secon- 
dary electrons per primary electron is usally greater than unity. Since 
the plate is still less positive than the screen, the secondary electrons 
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are attracted to the screen grid rather than back to the plate, causing a 
loss of plate current that is depicted by the dip in the curve. Fig, 
34*1 4 shows the emission of secondary electrons by broken lines. It 



FROTENTIAL 

(a) Anode at Zero Potential (b) Anode below Screen Potential 


C<5 SG plate 



Fig. 34.14 (a, b & c) 

(c) Anode above Screen Potential 

shows secondary electrons going to the screen grid thus lowering 
the plate current. 

As the plate voltage begins to approach that of the screen some 
of the secondary electrons are recaptured by the plate and hence the 
plate current begins to rise. When the plate voltage equals the 
screen grid voltage, the total space current is equally shared. 
As the plate voltage exceeds that of the screen grid, more and more of 
the space current hows to the plate. At a certain plate voltage, the 
maximum plate current is reached, after which the increase in the plate 
voltage has almost no eftect on the plate current. 

(ii) The Screen Current Curve. Let us now examine the screen 
current curve. As there is a steady voltage of 88 v olts applied to the 
screen, practically all the space current flows to the screen when the 
anode is at zero potential. As the plate voltage increases, some of the 
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Space ctiffent is drawn to the plate, and hence the screen current drops 
by the same amount. As a result of secondary emission, the plate cur- 
rent is reduced but because the secondary electrons are drawn to the 
screen, the screen current registers a rise in its value. This is so be- 
cause the screen is still at a higher potential than the plate. As the 
plate voltage approaches the screen voltage, some of the secondary 
electrons are attracted by the plate, thus reducing the screen current. 
Whei the plate voltage exceeds' the screen voltage, most of the space 
current flows to the plate and the screen current drops to a low steady 
value. 

The total space current graph Ip + Is is a straight line parallel 
to the plate potential axis. 

Oral questions 

What ate diode and triode valves ? Who invented them ? How many types 
of valves do you know ? Distinguish between high vacuum and gas-fliedf tubci. Of 
what material is the filament made? Why are oxide coated filaments preferred 
to pure tungsten filaments ? What is the construction of the grid ? Of what 
material is it made ? Describe the internal action of a triode. What is meant by 
space charge ? On what factors does the current leaving the filament depend ? 
’'iliat is the function of the grid? How does the electron-current leaving the 
filament divide between the grid and the plate ? 

What are the three constants of a triode ? Define amplification factor, grid- 
plate transconductance and plate resistance of a triode. In what units ate they 
expressed? What is the relation between them? What do you understand by 
characteristic curves of triode ? How will you draw grid voltage-plate current 
curves of a triode and determine from them the constants of the tube? What 
precautions do you take in this experiment? Why should the filament current 
and the plate potential be kept constant for each set of observation ? Why should 
the grid potential not exceed zo volts ? Why do you use straight portions of the 
characteristic curves for the determination of the tube constants? Are the tube 
constants really constant ? What are the uses of a triode ? How can a triode 
be used as (/) an amplifier, (//) an oscillator and (w) a rectifier ? What achievements 
have these uses of the triode made possible? 

What is a tetrode? Explain the meaning of secondary emission. Ex^ 
plain the function of the screen grid in a tetrode. What are the advantages of a 
tetrode over a triode ? Which of the two — the triode and the tetrode — will have 
a higher amplification factor and why ? Why do manufacturers not specify the 
amplification factor of a tetrode ? What does the kink in the characteristic curve 
of a tetrode indicate and to what use can it be put ? 



CHA.FT?ER XXXV 



Is 



, ' MISCELLANEOUS EXPERIMENTS IN ELECTRICITY ' 

Experiment 35* 1 

Obfect. To determine the electronic charge e by Miliikan''s 
oil-drop method. . 

Apparatus. Millikan^s oil-drop apparatus, atomiser, oil, power 
supply, voltmeter* 

Description of apparatus. Millikan* s oil-drop Apparatus, The 
laboratory form of the apparatus is depicted in figure 35*1. A and B 



Fig, 35*1 

are two optically worked metal plates which form the plates of a 
parallel plate condenser. These are separated by three optically 
plane parallel plates of glass about 1*5 cm.thick. A large constant 
electrostatic field may be maintained between A and B by supplying 
the necessary p. d. across A and B from a power supply unit. 
Drops of oil from an atomiser are sprayed above A and fall 
through the small holes at H into the condenser. Some of the 
drops are ionized carrying one or more electrons. The space bet- 
ween the plates is illuminated and the motion of the charged drops 
is observed through a telescope and timed through a given dis- 
tance with the help of the graduated glass graticule placed in the 
position of the cross-wires of the eyepiece of the telescope. The 
speed ofthe charged drop is measured (a) under gravity alone, and 
(b) underjgravity and a known electric field E between the plates 
A and',' B. •' 




758 


A tex'S-book oy peacticae phtsics 

Theory, (i) Motion under graviij alone. 'When no tltcmc 

is applied, the charged drop between the condenser plates A ana B 
movL down under the action of gravity alone. This motion in the 
beginning is accelerated and is opposed by the viscous forces of the 
air and as such the drop acquires a steady downward ^ 7. 

the upward viscous force equals the downward gravitational force. 
Let, the radius of the drop be ^? 
the density of the oil be p 

the density of air be a 
The coefficient of viscosity of air be ?? 
the steady velocity under gravity alone be 2^1* 

Hence, 


wt. of the drop = %tra^p g 


^Tra^ag 


Loss in weight due to buoyancy of air 

Apparent weight of the drop = {p-^)g 

This gives the downward gfavitationul force on the drop. 

From Stokers law. 

The Viscous force 6rr rj api 

Hence, %-rr (p-o)g = OttV avj, (35.1) 


which gives 


r 9vvi -ij 

'{2ip-c)g, 


(35.2) 


(ii) Motiofi utidsT electric fisld tHid Ctaviiy. Let an electric field 
E of sufficient intensity be applied between the condenser plates A and 
B so that it is sufficiently great to overcome the apparent weight of 
the drop. Let the charge on the drop be ne where e is the electro- 

nic charge. Let the constant speed of the same drop in the up- 

ward direction. Then, 

The net upward force acting on the drop = ne . E — | v a * 

while the viscous force opposing this —Sirr^avz 

E - I TT {p - o) g = 6 V V a (35.3) 

Adding equations (35.1) and (35.3) we have 

. E = 6 OT iS! (I'l + *'2) 

6 •v ’J (% + *’?) 
ne — E 

Substituting for a from equation (35.2) in the above, 

6 TT n . , N r 5 ’I 

=— (^1 + ‘'s) 

TT (35.4^ 

Vg{p-<y) 


or 


•or 


ne 


ne 


E 



MISCBLLANEOlJS EXPERIMENTS; IN ELECTRICITY 


759 


If V be the potential difference between the condenser plates A 
and B and V the distance between them. 


E = 


V 


3W 


in e. s. units. 


Hence, 


- ■ V 

=Kx 


where K is a constant equal to 


(35.5) 

(35.6) 


9 ^2-rr-n^l^Xmd 

\/g{p~o) 

Method. Focus the light from a lamp by means of a lens L into 
the region between the condenser plates A and B, Insert a thin pin 
in one of the holes in the middle oftlxe Upper plate A, rotate the teles- 
cope and focus it so that a well defined image of the pin is formed 
in a dark background. This evidently implies that the telescope Is 
not in line with the source of light. The darkness of the background 
should not be such that readings of the glass graticule in the teles- 
cope eyepiece may be difficult. When the adjustment has been made, 
takeout the:pin. 

With the help of the atomiser, spray drops of oil in H. Some 
ofthese drops due to friction get charged and enter the region between 
the condenser plates through the holes in A at K. 

Observe some of these drops through the telescope. To as- 
certain which of these are charged and which uncharged, switch on the 
electric held by applying a p. d. of say 450 volts across AB, with A at 
a positive potential. Drops which start moving up are charged; Ex- 
amine one .such drop, When it approaches the upper plate A, smfch 
offtht power supply, the drop then starts descending down under the 
action of gravity alone. When the drop approaches the plate B, switch 
on the power supply; it then starts moving up. This alternate process 
of switching on and off of the power supply can keep the drop under 
observation for any length of time. 

Having thus chosen a drop, examine its motion with the teles- 
cope. When it is moving down under the action of gravity alone, find 
the time it takes to move, say through 43 divisions of the glass 
graticulein the telescope eyepiece. Knowing the value of one scale 
division of the glass graticule, calculate from its tims of descent 
for 40 such divisions. 

When the drop is reaching B, switch on the power supply and 
again find the time it takes to move up, say, 40 divisions of the scale. 
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From ■ this .titoiag calculate 

both the electrostatic field and gravity* 

Repeat these observations a number of times and compute the 
values of I and for the particular field E between the plates* To 
evaluate E, measure the p. d* V across the condenser plates with a volt- 
meter. 

Repeat the experiment with different values of V and choosing 
different drops. 

For each set of observation, calculate It will be found to be 
different in each case for the simple reason that // may be different for 
drops examined. By rounding up the values find the highest common 
factor for these calculated values of ne^ then assign the value to nin 
each case and find ^ for each set of observation. Finally compute the 
mean value of e. Compare this with the standard value and com- 
pute the percentage error. 

Sources of error and precautions. (1) The telescope for ob- 
serving the drops should be focussed in the manner described. Care 
should be taken to see that the dark background in which observations 
are to be made is not so dark as to make it difficult to read the glass 
graticule. 

When the telescope has been focussed, the pin used in focussing 
should be taken out. 

(2) A drop once chosen for observation should be kept moving 
up (by switching on the power supply) and down (by switching off the 
powersupply) so that at least five sets are taken for and po- 
tential V being constant for the whole set. 

(3) The timing ofthe drop for calculations of and% should 
be done with an accurate stop watch reading to of a second. 

(4) Many drops should be examined and under different 
electric fields E. 

(5) If a lateral displacement of the drop occurs, it is due to 
collision and this drop should be then rejected. Whenever the 
speed of the drop suddenly changes, it may have acquired more 
charge or mass. When this happens, the drop cannot be used to 
repeat its earlier observations but may be used as a fresh drop for a 
fresh set of observations. 

Observations. I. Constants 
Viscosity of air ^7 =s 18-1 x 10”® poise 

Density of air, cr = 0*00124 gm. per c.c. 

Density of oil, p = (0*874) gm. per c.c. 

Value of^at — = cm»/sec.^ 

Room temperature = '’C 
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Vaiue of one scale division of glass graticule ==s0*01 cm» 
Distance between the plates, d == ■ cm. 

Least' count of the stop watch = 0*1 Sec. 

11 . Table for Vi and 


Set 

No. 

P. D. across 
AB 

Time for Travelling 40 Divisions 

Calculated 
value of 
ne, 

in e, s. u. 

Under Gravity j 
Alone 1 

Under Gravitational 
& Electric Fields 

Time 

Mean 

Time 1 Mean 

I 

450 volts 

6*8 sec. 


. 6*6 sec. 

3.0 sec. 


. 3*2 sec. 

I20'4X 10**^® 

II 





. , 


vii 


j 






Calculations* I. Common to all sets 


(p-a) = 

V27rr?3/*^/>s300 
■. Constant K = , , 'T 

vg{p-°) 


II. For each set separately 

H = 

ffg = 

V' = 

. (^'i+^'a) V*"! _ 

: 



=K . 


V 


e. s. u. 
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In this manner calculate ne for each set and then tabulate your 
cesuits as follows by assigning the proper value oin in each case. 


Set No. 

ne 

in e. s. u. 

Assigned 
value of n 

Caicuiated 
value of 
$ in e, s. u. 

1 ■■ 

120 X 10'“ 

25 

4-800 xlO-io 

2 

** 

.. ■' 


7* 






Me^n 



Result. The electronic charge as determined experimentally 
by Millikan’s oil drop method == ^ c. s. u. 

Standard value == 4*8036 X 10“^^ e. s. u. 

Percentage Error = 

Experiment's*! 

Object. To determine the value of — of an electron by Thom- 

m 

son’s method. 

Apparatus. Cathode ray tube wi A supply unit, one 

pair of bar magnets, compass box and voltmeter (if not fixed in the 
power supply). 


Description of apparatus. Thomson’s cathode ray tube is 
shown simplified in figure 35*2. C and A are the cathode and the 
anode respectively. Narrow slits are cut in opposite plates at A so 



Fig. 35*2 


bat the cathode rays passing through are limited to a narrow beam. 
The rays then strike the fluorescent screen S at O and produce a 
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glow there. The rays can be deflected electrostatically by connecting 
the horizontal plates YY to a suitable potential from the power 
supply unit. The cathode beam may also be magnetically deflected 



Fig, 35*3 

by placing a magnet along the scale on the wooden stand which 
lies perpendicular to the longitudinal axis of the tube CAO. It 
is, however, desirable to use two bar magnets, one on each arm 
suitably disposed and symmetrically situated perpendicular to the 
axis CAO. The field so produced by the magnets at a point on the 
axis CAO can be measured by removing the cathode ray tube from 
the stand that carries the magnets and placing the compass box 
there and observing the deflection of the compass needle. 

Theory. Let the cathode ray tube be placed in the direction of 
the horizontal component H© of the earth’s magnetic field. In such 
a case the path of the electron coincides with the direction of He. 
Consequently the electrons will suffer no deflection on account of 
He. The vertical component of the earth’s magnetic field, however, 
will only cause a lateral displacement and does not interfere with 
our observations as we are measuring vertical displacements due 
to an applied vertical electrostatic field or an applied horizontal 
magnetic field perpendicular to CAO. . ^ 

Let an electric field E be applied to the horizontal plates. If the 
distance between the plates is d cm, and the potential applied is 
V volts, then the field 


E 


VxlO« 


e. m. u. 


(35.7> 


When the electrostatic field is E e. m. u., the force on the elec- 
tron is where ^ is the charge in e. m. u. on the electron. This 
force is parallel to the field E and not normal both to the path and the 
magnetic field as when the magnetic field is applied. Let m be the mass 
of the electron. Denoting PO as the X-axis and the normal to OP 
,at P in the plane of the paper as Y-axis, the acceleration of the 

electron is ~ . Hence the force on the electron due to the electro- 

;■■■ dt^ 


static field is; given by 



764 


m 


A TEXT-BOOK OF PRACTICAt PHTSICS 
d^J _ 


\ 


\ 


w 


E«, 


J ( 35 . 8 ) 


dx 


Since the Yclocity of the electron in the path is we have 


from the above equation on integration 
dy 

dt m 


I 


where B is the constant of integration. We then have 

4. 


Of 


dx * dt m 
dy Ee 
ax m 


From the conditions of the experiment, at the point P, 
Instant /==0, 

hence the constant of integration B = 0. 


dy 

dx 


'Ee 


(35.9) 


If the electron takes a time to traverse the length of the 
{plates /, 

p. ^ I 

L - 

V 

At this instant. 


or 


if. = 


’(At) 

For the point B, t 


== E.*- 
/=/„ m 


:1l 

m 


1. 

V 


(■ 


dx / at B 


Eg / 


This gives the tangent to the path of the electron at the point B. 
On coming out of the electrostatic field the electron moves along this 
tangent at B, /.g., along BG and strikes the screen of the cathode ray 
tube at G distant OG == j from the point O where the beam was fo- 
cussed in absence of the electrostatic filed. OG = j measures the dis- 
placement of the spot on the screen due to the action of the elec- 
trostatic field on the electron. Putting the angle BGK as ^, we have 

'■ 1 ' " ( 4y \ '' 
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' On' the screen th^ ' 

KG = BK tan ^ 

If BK, the distance df the screen from the end of the plate is 

KG = L tan ^ (35.10) 

mv^ ^ ^ 

To obtain the value of j, which is given by 
y = OK 4- KG 

= AB + KG, (35.11) 

we should obtain the value of AB, the displacement the elec- 
tron undergoes in traversing the distance /, the length of the plates, 
under the action of the electrostatic field. At any point distant x 
from P in the field, 

X vt 

and 

dy ^ 

dx ~~ mv^ 

by substituting the value of / == x in equation (35.9). Hence 
AB / 


A B 


/ j 


Eg 


X dx 


Bel^ 

mv^ 


(35.12) 


Hence substituting the value of KG from equation (35.10) and 
of AB from equation (35.12) in equation (35.11) we have the displace- 
ment OG == j on the screen given by 

^ Eg/L 
mv^ 






or 




m 


e/(^^-+l) 


(35.13) 


g/;!s? can be determined provided is also known experimentally. 
This is conveniently done as follows. 

Two bar magnets, one on each arm, are placed in the E-W direc- 
tion on the wooden stand so that the magnetic field lies homontally 
in the region of the electrostatic field and in such a direction as to 
displace the electron beam opposite to the direction in which it is 
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displaced by the electtostatic field. The two magnets are symmetrically 
situated and so moved along the scale that the displacement OG==j 
due to the electrostatic field is completely neutralised and the spot 
lies at O. Under this condition the forces acting on the electron due to 
the electrostatic field and that due to the magnetic field are equal and 
opposite. 

Force on the electron due to electrostatic field 
Force on the electron due to magnetic field = Hep 
Hev=Be 



(35.14) 


Substituting this value of p in (35.13), we have 
-1 



(35.15) 


In this derivation it is assumed that H is uniform. H can be 
measured by removing the cathode ray tube and placing the compass 
bxo between the two magnets which lie with their axes in the E — W 
direction If the deflection of the needle is ^ and He is the horizontal 
component of the earth’s magnetic field, 

H = He tan 6 

whence 

. e __ By 

L ) 

_ VjXlO^ 

tan +L ) d 

„ Vxio*. 

since E = — , - in e.m.u. 

All the factors on the right hand side of the equation (35.16) 
being known, ejm is easily calculated in e. m. u. per gm. 

Method. Place the wooden stand for mounting the magnet in 
a direction perpendicular to the magnetic meridian with the help of 
a compass box. Now place the cathode ray tube perpendicular 
to the wooden stand and at its centre. The longitudinal axis of the 
C.R. tube is then in the direction of the horizontal component of the 
earth’s magnetic field. 
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Carefully study the pamphL t pertaining to the operation of the 
cathode ray tube. Switch on the power supply. Adjust the intensity 
and focusing knobs of the cathode ray tube until a well defined spot 
appears on the screen. Adjust it to lie in the centre of the screens 
Note this position of the spot on the graduated vertical scale on the 
screen. This is the position of the spot when no potential has been 
applied to the deflecting plates. 

Now apply a certain steady potential difference V volt across the 
deflecting plates and measure it with an accurate high resistance volt- 
meter. The spot on the screen is found to be displaced vertically up- 
wards. Note this position of the spot. The difference between the 
two positions of the spot gives the displacement j, for the applied 
p.d.ofVvolt. 

Place two equal large bar magnets in the E.W direction, one on 
each arm of the wooden stand along the graduated scale with their 
proper poles pointing towards the cathode ray tube so as to reduce 
the electrostatic deflection. The magnets should lie symmetrically, 
equidistant from the axis of the C. R. tube and should be displaced 
along the scales symmetrically so as to reduce the displacement of 
the spot to zero. Note the positions of the poles of the magnets 
nearest the C. R. tube on the scale fixed to the wooden frame. Let 
these be r ^ and rg respectively. This adjustment implies that the field 
H produced by the magnets in their respective positions produces an 
equal and opposite displacement of the electron beam. 

Remove the magnets. Reverse tht applied voltage when the 
spot on the screen will be deflected vertically downwards. Note the 
position of the deflected spot and find the displacement jg for the 
same applied voltage V volts. Calculate the mean value of and 
jgJ tbis gives the mean displacement j for the applied potential 
V volts. 

Place the magnets again on the wooden stand in the direction 
required to reduce the deflection and as before, arrange the poles of 
these magnets symmetrically and at such a distance apart that the field 
is of sufficient strength to reduce the deflection to zero. Again note 
the positions of the poles of the magnet nearest to the C. R. tube, on 
the scale of the wooden stand. Let these be Ti and rg'. Switch oft' 
the: power supply. 

The value of H to balance the electrostatic defiection may be 
determined in the following manner. 

Remove the cathode ray tube from the wooden stand which car- 
ries the magnets and place a compass box such that its centre lies on 
the common axis of the magnets. Adjust the pointer at zero-zero 
mark. Place the bar magnets with the same opposite poles towards 
the C. R. tube atthe same distances and respectively as in the 
first part of the experiment when the deflection was reduced 
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to 2 ;ero, Obsem the deflection of the pointer, reading both ends. 
Find' the mean deflection .Reverse .the 'magnets pole for pole and 
adjust their distances at and the distances of the poles when the 
deflection was reduced to zero. Again read both ends of the pointer 
md measure the mean deflection Take the m Bi and ^ 2 * 

Let this be 

If He be the horizontal component of the earth's magnetic field, 
tlm field H due to magnets is given by 
tan J 

This gives H to balance the effect of the electrostatic field E. 

Repeat the experiment by altering V and adjusting and measuring 
H to ' balance, . 

The constants of the apparatus 1, L and are known; He is taken 
known at the place of observation. From equation (35.16) we have 


where 


e 

m 


108 Vj 


HJ 


K, 


I + L ^ d, ta tf 6 

Vy 


K == 


tan^ $ 
108 


He®/(~4- l)^ 


(35.17) 


(35.18) 


Calculate the constant K. 

Plot a graph between the product Vy and tan®0. Draw the 
best straight line through these plotted points and find the value of 
Vy/ tan% Knowing K firom equation (35,18) and from 

the graph, calculate ejm item the relation 

'precaiitioiis., (1) The cathode ray tube 
should be placed with its longitudinal axis in the^direction of the hori- 
zontal component of the earth's magnetic field, 

(2) The spot on the screen must be adjusted to be sharp and 
intense. It should not be allowed to remain on th# screen at a given 
position for a long time, 

(3) When the potential difference V is applied to the deflecting 
plates, its value must be so adjusted as to give the displacement Y in 
exact mms, 

(4) As the plates are not too far; apart we can take ; the electric field 
S so produced as a uniform field and of an extent eolncldiog with 
the limit of the plates, i>., we can neglect the end corrections. We 
assume the field H as uniform in strength and extent, which is incorrect 
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Observations. 1. 'Known Constants 

Length of the deflecting plates / = 

Distance of the screen from the end of the plates l'" - 
Distance between the plates ^ Piates, C ~ cm. 

Value of He ’ = cm. 

II. Determination of j and V. ~ oersted. 

Initial position of the spot = cm. 

S. N. Applied Deflected position Mean ^ \S7P„o 

Potential of spot when V is ,J o ^ restored to zero 

Difference uctlection- — ^ ^ 

V volt Dircev! y Revcr- v Position of /Position of the 

I sed magneton /i other magnet 

j 2 castarm on west arm. 

I Distance Distance of the 

I 1 of the nearest pole 

I ! nearest to C. R. Tube 

I I pole to 

; Cm. j Cm. Cm. Cm Cm Tube 

j Cm. -Cm. Cm. 

I I Direct \ i i ^ 

I Reverse)! j N* pole Tj S. pole r^^ 

^ \ S. pole fg N. pole 


_ . Defermiuaikn of H ~ ^ 

‘ I „ ... ■ . 

N ^ l‘or y restored to Zero 

ji™- w„„ . co„p.,. ,„j i. “ 


Distance ot the pf»|c nearest toioncendi 

-p<j}c fj , S p T ' 

pole r., . X pole rj I 


■>tbcrend 

' T i^r 
> !a> 
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Calculations. Calculate for each set and the corresponding 
values of tan '^0, Tabulate as below. 


S. No. 

V 

y 

V.J 

tan^e 

■ ] 

Point on the 
graph 

.1 

7 

■ 

; 




Mean ■ 




Also find the value of T^/tan®^ graphically. 



e. m. u. per gm. 


Result. The value of c/m of an electron = e. m. u. per gm . 
Standard value = 1*76 x 10’ e. m. u. /gm. 

Percentage error = 

35*1. Cathode Ray Oscillograph. For the study of any tran- 
sient phenomena, either a potential or a current that varies with 
time, it is necessary to have an instrument that draws out the potential 
or current on, say,a vertical axis while the elapsed time is run out along 
the corresponding horizontal axis. This was initially achieved by 
mechanical devices. But with the discovery of the fact that beams of 
electrons can be deflected by transverse electric and magnetic fields 
and that electrons have very little inertia, it has been possible to so use 
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the electton beam in oscillographs. This led to the development of 
the,^ xathode ray oscillograph. , 

The cathode of an oscillograph tube is usually an indirectly heated 
nickel cylinder C whose flat end is oxide coated. The cylindrical con- 
trol electrode G lies coaxial with C and encloses a diaphragm through 



Fig. 35-4 

which the electrons pass on their way towards the anode A. This 
control electrode is often called the grid and it has a negative potential 
with respect to the cathode. By varying the grid potential/ the den- 
sity of the electron beam and the brilliance of the spot on the screen 
can be controlled. As the electrons travel between the cathode and the 
anode A, they are accelerated by the positive anode potential which may 
be a thousand volts or more with respect to the cathode. The anode 
A is an open cylinder or diaphragm and the electrons because of their 
high speeds pass through it to the screen S. The focussing maybe 
achieved by magnetic means or by an electrostatic field if it has 
a radial component which causes the electrons to be deflected towards 
the axis. This component is obtained by an additional cylindrical 
electrode F called the focussing electrode at a potential lower than that 
of A. F and A are sometimes referred to as the first and the second 
anode respectively and because of their difference in potential^, there 
is an electrostatic field inside each cylinder, near the gaps between 
them. The non-uniformity of this field gives it the radial component 
necessary for focussing. 

Between the anode A and the screen S are a system of deflecting 
plates. These consist of two small pairs of metal plates EE and E^Ei. 
In the figure they are shown separated along the beam axis, though in 
many oscillographs they are coterminous. EE are horkontal and re- 
present a parallel plate condenser system with a field Y determined by 
the plate configuration and the potential Vy applied to it. This po- 
tential Vy causes the vertical deflection and comes from the amplifier 
connected to the transient that is desired to be studied. The vertical 
plates EjlEi give an electric field X between them when a potential 
Vx is provided across them and cause a horizontal deflection of the 
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deGtton beam. One pate of each pair is connected to the anode. If 
this is not done there would be an electrostatic field between them and 
the electron gun. Further, since it would be dangerous to have the 
deflector plates at a high potential, the anode is earthed, and the ca- 
thode and the other electrodes are given negative potential with respect 
to the earth. The free plate in each deflector system is usually referred 
to the X-and Y-plate of the oscillograph. 

In the part of the tube between the anode A and the screen S, 
the space through which the electron beam passes must be free from 
aU electrostatic and magnetic fields, except those required for deflec- 
tion. If this is not so, the deflections will not measure the deflecting 
fields. Also the screen itself must not be below the anode potential 
or the beam will turn back before reaching it. Hence to make this 
space equipotentiai, the inner walls of the. tube are coated with graphite 
which is connected to the second anode A. To exclude stray magne- 
tic fields the tube is surrounded by a shield of high-permeability alloy. 
The screen is coated with a fluorescent material such as zinc ortho- 
silicate and where the electron beam is focussed, a brilliant spot is 
visible on the screen due to fluorescence. 

Time Base for C. R. O. Suppose an alternating p.d. is applied 
to the Y-plates EE. The spot on the screen traces out a vertical line 
proportional to the applied voltage. In order to convert this line 
into a wave, some other deflecting force, whose direction is 
perpendicular to that of the alternating one, is reqiured to provide a 
time base”. If a steady voltage is applied to the X-plates EiEi 
(which are not connected to the alternating supply), the effect will be 
merely to displace the line traced out by the spot from its initial posi- 
tion by a certain definite amount. However, if this voltage can be 
made to increase in magnitude at a constant rate, the displacement of 
the spot in the direction perpendicular to that of the deflection due to 
the alternating field, will be at a uniform rate and a wave with a linear 
time base will be the result. In this manner the wave form of the al- 
ternating p.d. across Y-plates can be obtained on the screen of the os- 
cillograph. 

One time base circuit is described below. Refer to fig, 35*5. 
The capacitor C is charged through the high resistance at a 
nearly constan rate until the p.d. across C is sufficient to foe the 
thyratron V, 

The capacitor C then discharges rapidly through V, the current 
being limited to a safe value by Rg, When the capacitor voltage is no 
longer high enough to maintain the discharge, the discharge is stopped 
and the capacitor commences to recharge. The action then repeats. 
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the resulting potential variation across G having the form shown in 
fig. 35‘6. The voltage is applied to X-plate via Co* 

During the charging period the spot is swept across the screen at 
a nearly uniform rate and is suddenly returned during the discharge 
period. The periodic time depends on the product CRi and the mag 
nitude of V 2 -—V 1 . It is usually adjusted in ^coarse steps by changing 
C. For fine setting is adjusted. The length of the sweep is pro- 
portional to Yg—V j and the deflection sensitivity of the cathode ray 
tube. It is controlled by means of Rg which alters the grid potential 
of the thyratron and hence its firing voltage V^. The capacitor charg- 
ing curve is of course exponential but a sufficiently small section of it, 
which is used here, can be regarded as almost linear. Greater linearity 
can be obtained if is replaced by a pentode valve. 

In order to synchronise the time base either the voltage under 
test or a voltage synchronous with it, and obtained from another part 
of the circuit, is applied to the transformer T. The secondary voltage 
of T triggers the thyratron and synchronises the time base if the latter 
has been adjusted very nearly to the correct frequency. When syn- 
chionisation has been achieved, the trace is then repeated again and 
again in the same position and appears stationary on the screen. 
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A*C» 
SUPPLY ( 


of 'Cathode Ray Oscillogfaph. Periodic 
and transient phenomena can be observed with this instrument, pro- 
vided, in the latter case, that the phenomenon exists for a period which 
is long enough to make an impression on the retina of the observer’s 
eye. ■■ , 

Some applications to the study of periodic phenomena are given 
below. 

Exercise 1. Study of A. C. supply wave form. The operation 
is relatively simple. The filament and then the high potential source 
are turned on and the position of the electron beam on the screen 
S is noted. The focussing control rheostats are turned until the beam 

gives a sharp fine image on the 

screen. Then the bias on the 
deflecting sets of plates X and 
Y are adjusted to place the point 
of impact on the left hand 
centre of the screen. The time 
base sweep circuit is tested by 
putting on a repeat sweep so that 
it sweeps across the screen from 
left to right in a rapid succession of sweeps. This gives one a chance 
to see that the time axis Is clearly defined and straight. 

Next with the help of a step-down transformer, the output of the 
secondary is fed on Y-plates of the C.R.O. and the time base switch 
synchronised to the supply frequency is switched on. What now ap- 
pears on the screen is the wave form of the A.C. supply. 

If the voltage senstivity of the oxcillographs for the Y-axis is 
known, the peak voltage of the supply can be calculated from the mea- 
surement of the wave form. 

Exercise 2. Study of Hysterisis Cycle. A circuit as depicted 
in figure 35*8 is connected up so^that|the p.d. across the ohmic re- 


STEP-0OWN 

transformer 


70 

Y- PLATES 
OF 

C.R.Ot 


Fig. 35*7 



(OUTPUT 6 VOLTS A.C.) 

Fig. 35*8 

sistance R can be fed on the X-plates of the C. R.O. and the p.d. across 
the condenser C across the Y«plates. Having adjusted the spot on 
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the screen now to lie at its centre, A. C. supply in the transformer is 
switched on so that the requisite p. d. s. are applied across X-and Y- 
plates. It will be noticed that a stationary hysterisis loop appears on 
the screen. This may be traced on a tracing paper. 

The calculation of hysterisis loss from the area of the traced loop 
is beyond the scop of the pfesent book. 

Exercise 3. Comparison ' of ; Frequencies. A ' ' simple' and' use- 
ful application of the C.B.O.is as a frequency comparator for an 
audio-frequency oscillator which may be calibrated in terms of a known 
-"''jffequency. 

‘^''When two simple harmonic motions are plotted against each 
other at right angles the resulting configuration is called a Lis- 
sajous figure. Since SHM plotted against time gives sinusoidal con- 
figufations, two sinusoidal electrical inputs to an oscilloscope will give 
a Lissajous pattern on the screen. The particular pattern depends 
upon the frequency, amplitude and phase relationships of the two in- 
puts. 

The frequency ratio of the two inputs may he determined from 
an analysis of the Lissajous figure produced. If a Lissajous figure is 
enclosed in a rectangle whose sides are parallel to the formation axes 
of the figure, the frequency ratio of the iwo inputs may be determined 
by counting the points of tangency to the sides of the rectangle en- 
closing the pattern. The ratio of the tangency points is in the inverse 
ratio of the input frequencies. 
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Tlie procedure is as M 

(a) Connect one signal generator to tlie vertical input and the 
other to the horizontal input of the oscilloscope. Switch controls so 
that the osciiloscope accepts the output of the signal generator instead 
of the horizontal sweep. Set both generators for l OOO cycles, make 
gain adjustnienis until an ellipse of satisfactory size is observed on the 
screen. Adjust controls as necessary to ‘‘stop'” the ellipse. By swit- 
ching one of the generators off and on, cause the ellipse to change 
phase, noting the various shapes it assumes. By phase changes and 
amplitude adjustments see if you can get a circular configuratiom 

(b) Leaving the vertical (Y) input at 1000 cycles and assuming 
it to be the standard, adjust the horizontal input generator (the 
variable) to approximately 500 c.p.s. to obtain the 1-2 Lissajous 
figure, a iigurt 8 on its side. 

Next obtain the 2:1 pattern by varying the horizontal input 
frequency. This is an upright figure of 8. 

In like manner, obtain Lissajous figures down to 1 : 5 and up- to 
5 : 1. Sketch ail the figures obtained and compare the frequency 
obtained from Lissajous ratios with the diaL reading of the hori- 
zontal input signal generator” 

Record ^^ t^^ data in a neat table. 

Vertical Input = 1000 c, p. s. 


Horizontal 
Input fre- 
quency on 

■■^diai:;^ 

Shape of 
figure 

No. of tangi 

On X-axis 

ency points 

On Y-axis 

vert. 

hori. 

hori. 

490 

00 



■ ' -ry 

““ 500 

2 

1990 

8 

1 


't ^ 

1000x2= 

2000 


35.3. Photo-electric Effect. In 1888, Hallwachs shone ul- 
traviolet light on to an electrically charged metal plate, t standing on 
an electroscope. He found that the plate gradually lost its charge, if it 
had been negatively charged at the start, but not if it had been posi- 
tively charged. Many years later other experiments showed that ultra- 
violet light caused metal plates to emit negativclv charged particles, 
which had the same charge to mass ratio as the cathode rays, they 
were electrons. Hence this emission is called photo-electric emission 
and the effect is known as photo-electric effect. 

Monochromatic light falling on a metal plate A w ill liberate 
photo-electrons; these can be detected as a current if they are atm ted 
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t o a metal eleGtrode B bympns of a potential difference V apolied bet- 
ween A and B sncb that B is at positive potential. A galvanometer 
G conld serve to measure this photo-electric current. 

Fig. 35-10 is a graphical representation of the data between the 
photo-elcGtric current / and the coresponding potential difference V. 

If V is made large enough, 
the photo-electric current 
reaches a saturation value 
at which all photo-electrons 
emitted by the plate A are 
collected by the anode B, 
If V were reversed in sign, 
the photo-electric current 
does not immediately drop 
to 2 ero; this proves that 
photo electrons are emitted 
with a ffnite velocity. Some 
do reach the anode B 
Fig. 35*10 despite the fact that the 

electric field opposes them. However, when this reversed potential 
is made large enough a value Vq, the stopping potential, is reached 
at which the photo-electric current is 2 ero. Evidently where is 

the electronic charge measures the kinetic energy K^ax the fastest 
ejected photo-electrons, 

Kmax~^Vo 

From the graphs a and b corresponding to different intensities of 
the incident beam of light, it can be clearly inferred that Kmax is in- 
dependent of the intensity of light. 

Fig. 35*11 shows the stopping potential Vq as a function of the 
frequency of the incident light for sodium. 

3 


Sfopp* 09 ^ 

Potential 
Vo 

, ■ ■ ■ I 

1 . ■ i 1 — i — 14 

4 5 6 7 8 • *0 tt tax to C.JJ'S. 

Fig. 35*11 

Fig. 34’ II. A plot of miltikan’s measurement of stopping potentials at various 
frequencies. Ihe cut off frequency (by extrapolation) is 4*39 x io^^ c.p.s. 
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It can evidently be noted from the graph, definite 

cut off frequency below which no photo-electric effect occurs. 

The three major features of photo-electric effect could not be 
explained on the basis of .the -wave theory. 

1. Kmax is independent of the frequency of light. 

2. For each surface there exist a cbaracterlstics cut off frequ- 
ency For frequencies less than this, the photo-elect^^^^^ effect dis- 
appears, no matter how intense the illumination, 

3. No detectable time lag has ever been measured between the 
failing of light and the ejection of the photo-electrons. 

It was Einstein, who successfully explained the photo-electric 
effect by making an assumption that energy is a light beam travels in 
concentrated bundles called PHOTONS. The energy E of a single 
photon is given by 

where V is the frequency and h, the pianck’s constant. 

Applying the pho on concept to the photo-electric effect, Eins- 
tein wrote 

^^=E^+K„,ax (35.19) 

where hyi is the energy of the photon. The equation above expresses 
the fact that the photon carries the energy hfi into the surface. Part 
of this energy E^ is used in causing the electrons to pass through the 
metal surface. The excess energy E^) is given to the electron 
in the form of kinetic energy; in case the electron does not lose energy 
by internal collisions, as it escapes from the metal, it will exhibit it all 
as kinetic energy after it emerges. Thus K^ax represents the maxi- 
mum kinetic energy that the photo- electrons can have outside the sur- 
face, in nearly all cases it will have less energy than this because 
of internal losses. 

Einstein’s theory clearly explains the three features of photo- 
electric effect mentioned earlier. Kmax is independent of the light 
intensity. Doubling the intensity of light merely doubles the number 
of photons and thus doubles the photo-electric current; it does not 
change the energy o£ the individual photons or the nature of the in- 
dividual photo-electric processes described by equation 35.19 above. 

The existence of a characteristic frequency is explained in this 
manner. If Kmax equals zero, 

which asserts that the photon has just enough energy to eject the photo- 
electrons but none extra to appear as kinetic energy. is callU the 
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work functions of is reduced below the in- 

dividual photons, no matter how many of them there are, (/>., no matter 
how intense the beam of light) will not have enough energy to eject 
photo-electrons.' ^ 

Further there is no question of a time lag between the falling of 
light and the ejection of a photo-electron because the requisite energy 
is supplied in a concentrated bundle. 

35*4» Photo-electric Cells. There are three main type of photo- 
electric cells. 

(i) Photo-conductive 

(ii) Photo-voltaic 

(iii) Photo-emissive. 

The oldest type is the photo-conductive type which suffers a change 
of resistance when illuminated. This is now of limited industrial 
importance. The photo- voltaic type is a generating cell and will pass 
a current when illuminated. This has been described in the chapter 
on photometry—Experiment 16*2. The photo-emissive type emits 
eletrons from an illuminated cathode and requires a positive collecting 
anode like a thermionic valve. ^ 



35-5. Photo-emissive Cells. Fig. 35- 12 represents a common 
arrangement of electrodes. The cathode has an emissive coating such 

as sodium, potassium or caesium, on 

the side facing the anode. Some of the 
light falling on either side of the V- 
cathode is reflected on to the other side 
and thus has two chances of being 
absorbed and causing emission. The 
rather sketchy anode in the form of a 
loop of platinum wire is satisfactory 
because most electrons shooting past 
the anode will slow up and will ulti- 
matey be attracted back to the anode. 
The electrodes are supported in an 
evacuated glass bulb fitted with a base 
like a thermionic valve; the anode and cathode connections being bro- 
ught out at opposite ends of the envelope to reduce the possibility of 
leakage. 

35*6. Spectral Response. The emission varies with wave- 
length and the alkali metals show a selective effect, with a maximum 
in or near the visible part of the spectrum, as shown in figure 35*13. 
The emission is practically independent of temperature, suggesting that 
the effect is in reality more like ionisation than like thermionic emission 
and that the electrons concerned are reafly those within the atom and 
not the free conductivity electrons. ^ ^ ^ 


V- SHAPED 
CATHOOE^^iAY 
BE A SEMI- 
CYHWOER 


ANODE', ■ 
NOT OPSTRUCTINO 
LIGHT 

35*12 


Fig. 
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Curves of these types are obtained experimentally in the following 
ways. Light from an incandescent lamp is passed through a prism of a 



Fig. 35.13 

monochromator for dispersion, a narrow band of wavelengths being 
selcted by means of an approximately placed system. The current 
given by the photo-electric surface when exposed to the light passing 
through the system of slits is noted. The current given by a blackened 
thermo-pile when exposed to the same light is also noted. The ratio 
of these two readings is plotted vrs. the mean wavelength of the 
incident light. Blackened thermopiles are used because they absorb 
all radiation incident upon them equally, regardless of the wavelength. 
This permits the measure of the energy contained in any part of the 
spectrum to be made. An automatic spectral sensitivity curve tracer 
has been designed for obtaining these curves quickly with the aid of 
a cathode ray tube, 

Bxperment 35*3 

Object. To draw the characteristic curves of a photocell and to 
find the maximum velocity of the emitted electrons. 

Apparatus. Fhoto-emissive all mounted inside a blackened 
wooden box with a wide slit, a sensitive suspended coil galvanometer, 
lamp and scale arrangement, an optical bench, power supply for D. C. 
anode potential or a dry battery 0-45 volts, a rheostat, a plug-key, a 
resistance box and connexion wires. 

Theory. To draw the characteristic curves of a photocell, 
we shall study how the photo-electric current, for a given inten^^ty of 
the beam of light, varies with the p. d. between the anode and tb.e ca- 
thode. The current being proportional to the deflection of the galva- 
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nometer in the photoceil circuit, it would suffice to plot a graph bet- 
ween p. d. and the deflection. 

This study can be repeated for different light intensities by alter- 
ing the distance of the photocell from the lamp. 

If the applied p. d. is reversed in small steps of say 0*05 volts 
the applied potential on the anode become negative in steps of 0*05 
volts, the photo-electric current gradually decreases. From this part 
of the study a value of of the stopping potential (at which the 
photo-electric current is zero), can be computed graphically. Evi- 
dently where ^is the electronic charge measures the kinetic energy 
Kmax for the fastest ejected photo-electrons, whence 

Kmax — f 

or W = ^ — 

If elm is taken in e. m. u. as l*76x 10^ e. m. u. of charge per 
gm. Yq should also be expressed in e. m. u. Thus, if is the p. d. 
in volts, 

>max == A/alTUb x V qX cm./sec. (35.20) 

Vi^ax. = 2 x1-76x107xVoX 108 cm. sec. (35.20) 

Method. Make the connexions as depicted in Fig.35.14. Mo- 
unt the photocell at one end of an optical bench. Arrange the source 



Fig. 35*14 

of light from the cell, say at a distance of 60 cm. Place a suitable filter 
in the path of the rays coming from the lamp, How this light to fall 
on the cathode of the photocell, its anode being at a positive potential 
adjusted with the help of the potential divider R^. Ajdust the p.d. 
as recorded with the voltmeter to be, say, 20 volts. When light falls 
on the cathode, note the deflection of the galvanometer. If the de- 
flection is large, control the same with the variable resistance R, usu- 
ally a dial resistance box, placed in series with the galvanometer. 
The apparatus is now ready for use; other voltages used will have to 
be less than 20 volts. 
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(a) Anode voltage positive* Keeping the intensity constant 
we wish to study the relationship between anode voltage and anode 
current. Hence in the first set of observations, keep the lamp, say, at a 
distance of 60 cm. 

Allow the light to fall on the cathode, and note the deflection of 
the galvanometer. This corresponds to the anode voltage of 20 volts 
as recorded by the voltmeter. Repeat this by reducing the anode volt- 
age first in steps of 2 volts and later in steps of one volt. Plot a graph 
between the anode potential and the corresponding deflection of the 
galvanometer. 

This completes one set of observation. 

Keep R fixed; increase the distance of the photocell from the 
source to, say, 80 cm. and repeat the whole set of observations and plot 
the graph. 

Keeping R fixed, repeat the whole set of observations for dis- 
tances between the source and the cell say, 90 cm., 100 cm.. .. .and 
draw corresponding graphs. 

(b) Anode voltage negative. For a distance of 60 cm. from 
the source to the cell, repeat the experiment by applying a negative 
anode potential in steps of 0*05 volt. Make the necessary changes in 
the connexions for this and use a low range voltmeter for reading the 
voltage. With the increase in negative potential the current and hence 
the deflection goes on rapidly falling. Take readings of the deflection 
for such negative potentials upto the stage when the deflection is re- 
duced to OT cm. 

Repeat the experiment for a distance of, say, 100 cm. between 
the source and the cell. 

Plot both these graphs on a diflerent sheet of graph paper with 
voltage, as usual, along negative X-axis and deflection along Y-axis. 
By extra-polation, find the negative potential at the anode needed 
to stop photo-emission. From a knowledge of V , calculate the velo- 
city of the fastest ejected electrons. 

Sources of error and precautions. (1) There should be no 
stray light in the room. It is desirable to perform the experiment in a 
separate small dark room. 

(2) It is often found that different portions of the same emitting 
surface may possess diflerent sensitivities. It is advisable therefore to 
illuminate a large part of the cathode uniformly rather than to focus 
the light source on only a portion of the photo-emissive surface: 

(3) For positive anode potential observations, readings of de- 
flection should be taken by altering the anode potential from a maxi- 
mum to lower values first in steps of 2 volts and later in steps of one 
volt. 
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(4) Negative anode potential should be varied in steps of 0*05 
volt and the corresponding graph should be plotted on a separate 
graph sheet. 



Graph 1 

Observations. Table. 1. Anode ‘Potential Positive 


Distance between source and photocell == 60 cm. 

Initial position of the spot of the gal. on the scale == 0.0 cm. 


Anode Potential 
volts 

( Deflection of 
Galvanometer 
cm. 

Anode Potential 
volts 

. 

1 Deflection of 
Galvanometer 
. cm. 

18 

24.8 

6 

20.4 

16 


5 

19.7 

14 

23.8 

4 

18.7 

12 

23.3 

3 

17.4 

10 

22.U 

2 

15.1 

8 


\ ^ 

: 5.3 
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Table. 2. Anode Potential Negative 

Anode Potential Deflection of 

Volts Galvanometre 


Similar Tables for distances of 80, 90,. . . .cms. 

Calculations. 1. Plot graph between anode potential in volts* 
and the corresponding deflection of the galvanometer in cms. for 
different distances between the source and the cell. This is shown 
in graph 1. 


NEGATIVE ANODE POTENTIAL CHARACTERTISTIC OF A 
.PHOTOCELL 


tern* 0*5 VOLT 

Tcm~o* terns 


Ve anode vt 


X 
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Fronr graph 2, the negative stopping potential. 


V« = Volt 



= V^2xl-76xltFAVoXl08 

This gives the velocity of the fastest ejected electrons. 

Result. 1. Characteristics curves (anode voltage vrs. galva- 
nometer deflection — proportional to anode current) are shown in ' 

graph 1. 

2, The stopping potential at which the photo-electric current 

is xsero is Vo = volt. I 

3. The velocity V^ax* of the fastest ejected electrons is given 

by V aax = cm. /sec. ? 

Exercise. To study the frequency response of a photo-electric J 

cell. :i 

■■ 

Apparatus. As in the last experiment and a set of filters. 

Method. Make the connexions as in the previous experiment. ! 

Adjust the distance of the photocell from the source to be, say., 60 cm. ' 

Ajdust R to such a value that w.ith an anode potential of 20 volts the 
deflection is not beyond the scale when light is made to fall i 

direct from the white light lamp on the cathode of the cell. We 
shall now keep the distance of 60 cm. and the value of R fixed for 5 

the set of observations. I 

With the anode potential of 20 volts, allow the light from the ! 

lamp to pass through the blue filter (mean transmission wavelength 
4300 A) and observe the deflection of the galvanometer. 

Replace the blue filter in succession by green, greenisb yellow 
and yellow filters and observe the corresponding deflections of the 
galvanometer. ■; 


Reduce the anode potential to 12 volts and repeat the observa- 
tions. Take another set of oservations with the anode potential set 

8 XT nits 
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Distance between lam p and cell = 60 cm. 


Set 

No. , 

Anode 

Potential 

volts 

Galvanometer Deflection in c 

:ms with 

Bine 1 Green 

filter ! filter 

A = A ! A- A 

Greenish yel- 
low filter 

A 

Yellow 

filter 

A = A 

T ' ' ; 





2 


r 



3 


' ' '■ ^"'1 ' ■■■ ^ i ■■ i 


Plot a graph between mean wavelength transmitted by the 
along the X-axis and the corresponding galvanometer cleHection along 
the Y-axis for a fixed anode potential. On the same sheet draw the 
similar graphs for other fixed anode potentials. This is shown in 
graph 35*3. 
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reveals hov? the response of a pboto-emissive cell 
varies with wavelength of light. 

QUESTIONS 

V BY MILLIKAN’S OIL DROP METHOD. 

What is the construction of Millikan’s Oil drop apparatus ? How do yon 
introduce liquid drops in between the two plates ? Hotv do these drops get char- 
ged ? What type of liquid are you using and why ? Why are the plates made 
of metal ? What is the function of the water cell in front of the light source ? 
How do you select a particular drop for working ? When you establish an elec- 
tric field, some of the drops move against gravity, why is it so? What is the con- 
dition that a drop may remain stationary? How can you determine the velocity 
of the drop? What is Stokc’s Law ? What are the limitations of Stoke’s law ? 
When the drop is falling under gravity why does it move downwards with a uni- 
form velocity ? How does the determination of the charge on the various drops 
enable you to determine the electronic charge. What are other methods for de- 
termining ‘e’. What precautions do you take in the experiment ? 

e/m BY THOMSON METHOD 

What is a cathode ray tube? Give the construction of the tube. Is the ratio 
of the electronic charge to mass dependent on the material of the cathode ? How 
do you produce cathode rays in your experiment? What is the principle of the 
experiment? How is the electron beam deflected from its path when the magnetic 
field is applied ? Does the application of the magnetic field alter the Kinetic ener- 
gy of the moving electron ? How do you produce a magnetic field and bow do 
you measure it ? How do you apply the electrostatic field and how do you cal- 
culate it ? What precautions do you take in your experiment ? How can you pro- 
ceed to get a well defined spot on the screen ? What is meant by accelerating 
voltage? What value of accelerating voltage are you using here ? How do you 
get such a large voltage ? Why are the deflecting plates short and curved at the 
end to\vards the screen ? Why do you have the plates o close to each other? 
What may be the order of the capacity of the deflecting plates? Is the value 
of e /m of an electron constant ? 

CATHODE RAY OSCILLOSCOPE 

What do you mean by cathode rays ? Who discovered them ? What is the 
construction of the cathode ray oscilloscope ? Why are there n.ore than one 
anode ? What type of emission Is there ? How can you concentrate the beam of 
electrons ? Whar. do you mean by a fluorescent material ? What do you mean 
by horizontal and vertical gain? What is time base ? Give the diagram of 
a time base circuit. Plow can you examine the wave form of the a c supply ? 
What is sweep selection ? What happens when you apply a D. C. voltage 
on the YY plates of the apparatus ? Can you measure an unknown A.C, or D.C. 
Voltage with C.R.O. ? Plow can you compare two unknown frequencies? Can 
you measure an unknown frequency ? What arc Lissajous figures ? How arc they 
used to compare two frequencies ? What arc the other uses of C.R.O. ? 

PPIOTO-CELL 

What is photo-cicctric cflcct ? Who discovered this effect ? What are the 
laws of photo-electric emission ? What arc the factors on which photo-electric cu r- 
reiit depends ? Is the photo-electric emission possible for all wavelengths of light ? 
What is photf)-elcctric work function ? What is the difference between photo-elec- 
tric emission and thermionic emission. Explain Einstein’s photo-electric equa- 
tion ? What is threshold frequency? Is the photo-eloctric emission possible when 
light ravs arc replaced by X-rays ? What is a photo-cell ? How many types c>f 
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photo-cc]} do 3^on know ? What is the differenee betwecti gas-filled and mcuum 
photocell ? Of what material is the cathode of a photo-voltaic ceil made ? What 
type of cell are you using ? What is the shape of the cathode and why ? What /s 
the shape of the anode and why ? What do you mean by spectral response of a pho- 
tocell ? What do you mean by characteristics of a photocell and how do you study 
them ? How do you calculate the velocity of the fastest elected electrons ? Why 
is the cut ok voltage negative ? Is the cut olf voltage dependent on the intensity of 
light? To what uses is a photocell put ? 
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CONVERSION FACTORS 


To convert 

Multiply by 

Logarithm 




Lengtli : 



In. into cm. 

Z-540 

0-4048 

Ft, into metres ... ... 

*3048 

T '4840 

Yds. into metres ... 

•9144 

T-961I 

Miles into km. 

2'6o93 

o*2o66 

Area : 



Sq. in, into sq. cm. 

6 - 45 1 

0*8096 

Sq. ft. into sq. ojetres 

•0929 

•9680 

Sq. yds. into sq. metres 

•8361 

-9223 

Acres into sq. metres 

4047 

3'6o7i 

Volume: 



Cub. in. into c. c. 

16-39 

1-2143 

Cub. in. into litres 

•01639 

2*2145 

Cub, ft. into litres 

28*32 

1-4521 

Gallons into litres 

4-546 

0*6677 

Gallons into cub. ft. 

•1606 

1-2057 

Mass : 



Grain into m, gm. 

64*8 

I ‘81 16 

05:. { up .) into gm. ... 

28-35 

I 4525 

lb. into gm. 

453*^ 

2 6567 

Ton into kgm. 

1016 

5*0069 

V Force> work, 



Gm.“Wt. into dynes 

981 

2.9917 

lb.»wt. into poundals 

32-2 

1*5079 

Poundals into dynes 

1-3825 X 10^ 

14 407 


981 

2-9917 
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CONVERSION FACTORS— 


To convert 

Multiply by 

'Logarithm ■ 

Ft, ibs. into Joules ... ! 

1-356 

. o*i.,324 ■ 

' Horse Power into ft. Ibs./sec. ... | 

550 

: ' '' 2 * 7404 " ;■ 

Florse Power into Watts 

745 7 

'.■','2*87,2"6 ■ 

K. W.H. into Joules 

3 *600 X 10® 

6-5563 

Miscellaneous : 



Radians into degree 

57-296 

17582 

logic into loge N 

2-303 

•3623 

ibs. of water at 62®F into c.c. 

1 454’6 

2-6577 

1 lbs. of water at 6 i^F into gallons ... 

*100 

!■ T'oooo 

Atmospheres into dynes per sq. cm. 

1 i'ox4Xio® 

6*0059 

Atmospheres into ibs. per sq. in. ... 

1 14:70 

1-1673 

m. p. h. into cm. per sec. 

1 4470 

1 

1*6503 


USEFUL data: and FORMULAE 


—3*14159 

dyne —force which, acting o^q 
y mass of X gm, produ- 
ces an acceleration of i 
cm. per sec. per sec, 

1 Bar — 10® dynes per sq. cm. 

I Atmosphere— 760 mm. of Hg. 

— roi 36 bar. 

I erg =work done by a force 
of I dyne aGting 
through I cm. 

1 Joule =10’ ergs 

I Watt —I Joule per sec. 

R, the gas constant=8*305 Joules 
per gm. molecule 
= 1*988 cal. per gm, 
molecule 


I gallon of water weighs 10 lbs. 
approx. 

I cub, ft. of water weighs 62 ’43 
ibs. 

Area of a circle, radius r...=7rr*' 
Area of an .ellipse .cf semi-axes a 
and b ... ' ... ■ =^itak 

Area of the curved surface of 
a cylinder of length /, radius r 
^ ^ . =zir r/. 

Area of the curved surface of a 
cone of height 

Area of the curved surface of a 
spliere of radius r ... =47rr^ 
Volume of a cylinder... =-7rr^/ 
Volume of a cone ... = ^TTr^/ 
Volume of a sphere ... = |7rr^ 
Volume of an ellipsoid-axes za, 
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BOILING POINT OF WATER UNDER VARIOUS 
BAROMETRIC PRESSURES 




0 

I 

* 

3 

4 

5 

6 

7 

8 1 9 

1 

mm. 










700 

97-71 

*75 

•79 

*83 

•87 

•91 

*95 

‘99 

' 

p 

0 

Cv 

710 

98’ ! X 

’H 

;i8 

‘22 

'26 

-30 

*34 

.38 

‘42 1 '45 

720 

98-49 

'53 

’57 

•61 

•65 

•69 

*72 1 

•76 

00 

0 

00 

730 

98-88 

“91 

*95 

1 

*99 

99*03 

! : 

^ '*07 i 

‘10 

•14 

1 

•18 ! *22 

1 

740 

I 99-^5 : 

•29 

*33 

"'‘ 37 , 

. ' 4 ^ .1 

•44 

i ‘ 4 ^ 

■52 

’36 ‘59 

750 

i 1 

99-63 

•67 

■70 

1 * 74 ' 

7-8: 

•81 

..85 

■ *89 J 

*93 ‘ 9 ^ 

760. 

100*00 

“03 

•07 

• 1 1 

, *15 ^ 

'-18 

*22 

j 

‘26 

1 

‘29 ‘33 


ELECTRO-CHEMIGAL-EQUIVALENT 

Element E. C. E, Chemical 

(gm./coulomb) equivalent 


Silver 

, /r 

‘001 1180 

ioy'SS 

Copper 

... 

‘0003295 

31*88 

Lead 

... 

‘OOIO73I 1 

io3’6i 

Hydrogen 

... 

'0000105 

1*0081 

Oxygen 


'0000829 

8*0000 
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RESISTANCE OF WIRES OF VARIOUS GAUGES 
AND MATERIALS 


S. W. G 

Diameter 

in 

1 

1 

Area of 
Cross-section 

Resistance per metre 
(ohm/metre) 


No. 

mm. 

Sq. cm, 

.. 

Copper 

'Eureka 

Manga- 

nin 

German 

Silver 

lO 

3-25 

•08302 

'0021 

'057 

•051 

•049 

I 2 

2*64 

0* 

oc 

0 

*0032 

*086 

*077 

*041 


2*03 

•03243 

'0054 

*146 

•131 

•070 

i 6 

1*63 

•02076 

CO 

0 

0 

•228 

*204 

’109 

1 8 

1*22 

*01x68 

*0148 

•405 


•193 

20 

•914 

•006567 

*0260 

*722 

•645 

‘345 

2 2' 

•711 

•00397 , 

•0435 

1*20 

1*07 

•57 

24 

;559 

•002452 

*070 

1*95 

1*73 

'92 

z 6 

‘457 

•001642 

*105 

2' 89 

2-58 

i'38 

zS 

•374 

•001 I 10 

*155 

4*27 

3'82 

2*02 

30 

•315 

‘000779 

'222 

6 -o 8 

5 ‘45 

2*90 

32. 

1 

•274 

*000591 

‘^93 

8*02 

7'iS' 

3-83 

j 4 j 

’254 

•000429 

•404 

ii’i 


,' 5*^7 


‘193 

'000293 

‘590 

i 6'2 1 

14*50 

7*74 

38 

'■’152, ; 

•0001824 

•950 

26^0 , 

■ 1 

23*2 


40 

;;'.:;>I22' 

•0001 I 70 ! 

1*48 

40*6 

: [" 

36-3 

19*4 
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MAGNETIC ELEMENTS AND-^ 


•Statlott 

Declinatioo 

Angle of 

Dip 

Horizontal 

component 

H 

. 

Vertical 

component 

V 

■ 

Agra 

0 ^ 1 C ' E 

40®' 40' 

•3484 

•2985 

979-06 

Ajmer 

i” lo' E 

J9“ 20' 

*348j 

’2861 

978-98 

Aligarb 

o“ 20' E 

41'' 50' 

‘3453 

*3091 

978*08 

Allahabad 

0® ao' W 

37* 10' 

*3629 

•2758 

5>78'94 

Bareilly 

0° 2o' E 

42® 20' 

■3436 

•3136 

... 

Banaras 


37° 10' 

*3635 

'2764 

.... 

Bombay 

0° 20' W 

AJ° 30' 

•3761 

•1792 

978-63 

Calcutta 

0° 00' w 

31° 30' 

•3819 

'2342 

978-78 

Kanpur 

o'’ 00' 

58“ J9' 

*3628 

•2901 

978'97 

Chandausi 

o'’ 50' E 

42° 40' 

•3419 

*3167 


Dehradun 

0° jo' E 

45'’: so". 

•3315 

‘340 j 

979-06 

Delhi 

0° 40' E 

42® 52' 

‘343 3 j 

•3204 

979' 1 5 

Gorakhpur 

0° 20' W 

45" 40' 

■3376 

•2972 

978'94 

Gwalior 

0° 20' E 

59® 00' 

•3531 

• 28 j 7 

978-96 

Jaipur 

0“ jo' E 

40® 30' 

'3470 

•2961 

978-52 

Jodhpur 

o*’ 00'' 

39^ 10^ 

•3482 

•2833 

978-92 

Khufja 

0° jo' E 

42° 10' 

*3426 

•3109 

978*08 

Lucknow 

0® 10' W 

. . 

40'’ 00' 

■3536 

•2965 

979*00 

Meerut 

m 

0 

0 

43*' 30' 

■3389 

*5212 

979-15 

Udaipur 

0® 00^ 

is"" 50 " 

•3610 

^2613 

978-9 
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LOGARITHMS 



0 

1 

2 

3 

4 

. 

5 

6 

7 

8 


Mean DlfFereBces ' 

9 

r 

2 


4 

5 


7 

8 9 

10 

0000 

0043 

0086 

0128 

0170 

0212 

0253 

0294 

0334 

0374 

4 

8 12 

17 21 25 

29 33 ;; 37. 

fl 

0414 

0453 

0492 

0681 

0569 

0607 

0645 

0682 

0719 

0756 

4 

8 11 

15 19 23 

26 so 34 

12 

0792 

0828 

0864 

0899 

0934 

0969 

1004 

1038 

1072 

1106 

3 

7 10 

14 17 21 

24 28 31 

13 

1189 

1173 

1206 

1239 

1271 

1303 

1335 

1367 

1399 

1430 

3 

6 10 

1316 16 

23 26 29 

14 

1461 

1492 

1523 

1553 

1584 

1614 

1644 

1673 

1703 

1732 

3 

6 

9 

12 15 18 

21 24 27 

15 

1761 

1790 

1818 

1847 

1876 

1903 

1931 

1959 

1987 

2014 

3 

6 

8 

11 14 17 

20 22 25 

10 

2041 

2068 

2095 

2122 

2148 

2175 

2201 

2227 

2258 

2279 

3 

6 

8 

11 13 16 

18 21 24 

17 

2804 

2330 

2855 

2380 

2405 

2430 

2455 

2480 

2604 

2529 

2 

6 

7 

10 12 15 

17 20 22 

18 

2563 

2577 

2601 

2625 

2648 

2672 

2695 

2718 

2742 

2765 

2 

5 

7 

9 12 14 

16 19 21 

19 

2788 

2810 

2833 

2856 

2878 

2900 

2923 

2945 

2967 

2989 

2 

4 


9 11 13 

16 18 20 

20 

3010 

3032 

3054 

3076 

3096 

3118 

3139 

3160 

8181 

3201 

2 

4 

6 

8 11 13 

15 17 19 

21 

3222 

3243 

3263 

3284 

3304 

3324 

3345 

3365 

3385 

3404 

2 

4 

6 

8 10 12 

14 16 18 

22 

3424 

3444 

3464 

3483 

3502 

8522 

3541 

8560 

3579 

3598 

2 

4 

6 

8 10 12 

14 16 17 

23 

8617 

3636 

3655 

8674 

3692 

3711 

3729 

3747 

3766 

3784 

2 

4 

6 

7 

9 11 

IS 15 17 

24 

8802 

8820 

3838 

3856 

3874 

3892 

8909 

3927 

3945 

3962 

2 

4 

5 

7 

9 

11 

12 

14 16 

25 

3979 

3997 

4014 

4031 

4048 

4065 

4032 

4099 

4116 

4133 

2 

3 

6 

7 

9 10 

12 34 35 

26 

4150 

4166 

4183 

4200 

4210 

4232 

4249 

4265 

4281 

4298 

2 

3 

6 

7 

8 

10 

11 13 15 

27 

4314 

4330 

4346 

4362 

4378 

4393 

4409 

4425 

4440 

4456 

2 

3 

6 

6 

8 

9 

11 13 14 

28 

4472 

4487 

4502 

4518 

4533 

4648 

4564 

4679 

4594 

4609 

2 

3 

5 

6 

8 

9 

11 :12 1-1 

29 

4624 

4639 

4654 

4669 

4683 

4698 

4713 

4728 

4742 

4757 

1 

a 

4 

6 

7 

9 

10 12 13 

SO 

4771 

4786 

4800 

4814 

4829 

4843 

4857 

4871 

4886 

4900 

1 

3 

4 

6 

7 

9 

10 11 13 

3! 

4914 

4928 

4942 

4955 

4909 

4983! 

4997 

6011 

5024 

5038 

1 

3 

4 

6 

7 

8 

10 11 12 

32 

6051 

5065 

5079 1 

5092 

5105 

5119: 

5132 

5145 

5159 

5172 

1 

3 

4 

6 

7 

8 

9 

n 12 

33 

5185 

5198 

52111 

5224 

5237 

5250 

5263 

6276 

5289 

5302 

1 

3 

4 

5 

6 

8 

9 

10 121 

34 

5315 

5328 

5340' 1 

5353 

5366 

5378 

5391 

5403 

5416 

5428 

1 

3 

4 

5 

6 

8 

9 10 11 

35 

5441 

5453 

5465 

5478 

5490 

5502 

5514 

5527 

6539 

6551 

1 

2 

4 

5 

6 

7 

9 

10 11 

36 

5563 

5575 

5587! 

5599 

5611 

6623 

5636 

6647 

5658 

5070 

1 

2 

4 

5 

6 

7 

8 

10 11 

37 

5682 

5694 

5705 

5717 

6729 

5740 

6762 

5763 

5775 

5786 

1 

2 

3 

B' 

6 

7 

8 

9 10 

38 

5798 

5809 

5821 

5832 

6843! 

5855 

6866 

5877 

5888 

6899 

1 

2 

3 

5 

6 

7 

8 

9 10 

39 

5911 

5922 

5933 

5944 

6955 

5966 

5977 

5988 

5999 

6010 

1 

2 

3 

4 

6 

7 

8 

9 10 

40 

6021 

6031 

6042: 

6053 

6064 

6075 

6085 

6096; 

61071 

6117 

1 

2 

3 

4 

5 

6' 

8 

9 10 

4! 

6128 

6138 

6149 

6160 

6170 

6180 

6391 

6201 

6212! 

6222 

1 

2 

3 

4 

5 

6 

7 

8 ■ 9 

42 

6232 

6243 

6253 

6263 

6274 

6284 

6294 

6304 

6314 

6326 

1 

2 

3 

4 

5 

6 

7 

8 9 

43 

6335 

6345 

6355 

6365 

6375 

6385 

6395 

6405 

6415 

6425 

1 

2 

3 

4 

5 

6 

7 

8 9 

44 

6435 

6444 

6454 

6464 

6474 

6484 

6493 

6503 

6513; 

6522 

1 

2 

3 

4 

5 

6 

7 

8 9 

45 

6532 

6542 

6551 

6561 

6571 

6580 

6590 

6599 

6609 

6618 

1 

2 

3 

4 

6 

6 

7 

8 9 

46 

6628 

6637 

6646 

6656 

6665 

6675 

6684 

6693 

6702: 

6712 

1 

2 

3 

4 

6 

6 

7 

7 8 

47 

6721 

6730 

6739 

6749 

6758 

6767 

6776 

6785 

6794 

6803 

1 

2 

3 


6 

5 

6 

7 8 

48 

6812 

6821 

6830 

0889 

6848 

6857 

6866 

6875 

6884 

6893 

1 

2 

3 

4 

4 

5 

6 

7 8 

49 

6902 

6911 

6920 

6928 

6937 

6946 

6956 

6964 

6972 

6981 

1 

2 

8 

4 

4 

5 

6 

7 8 

50 

6990 

6998 

7007 

7016 

7024 

7033 

7042 

7050 

7059 

7067 

1 

2 

3 

3 

4 

5 

6 

7 8 

SI 

7076 

7084 

7093 

7101 

7110 

7118 

7126 

7135 

7143 

7152 

1 

2 

3 

3 

4 

5 

6 

7 8 

52 

7160 

7X68 

7177 ^ 

7185 

7193 

7202 

7210 

7218 

7226 

7235 

1 

2 

2 

3 

4^ 

5 

6 

7 7 

■S3 

7243 

7251 

7259; 

7267 

7275 

7284; 

7292 

7300 

7308 

7316: 

1 

■2 

2 

3' 

4 

5 

6 

6 7 

54 

■7324 

7332 

7340 

7348 

7356 

7304 j 

7372 

7380 

7388 

7396 

1 

2 

2 

■■ Z 

4 

5 

■■6 

6 7 
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LOGARITHMS 


mmmn 


55 7404 7412 7419 7427 7435 7443 7451 7459 7466 7474 1 2 2 3 4 5 5 6 7 

56 7482 7490 7497 7505 7513 7520 7528 7536 7543 7551 12 2 3 4 5 5 6 7 

57 7559 7566 7574 7582 7589 7597 7604 7612 7619 7627 1 2 2 3 4 5 5 6 7 

58 7634 7642 7649 7657 7664 7672 7679 7686 7694 7701 112 3 4 4 5 6 7 

59 7709 7716 7723 7731 7738 7745 7752 7760 7767 7774 112 3 4 4 5 6 7 

60 7782 7789 7796 7803 7810 7818 7825 7832 7839 7846 1 12 3 4 4 5 6 6 


785317860 7868 787517882 7889 789617903 7910 7917 1 1 
792417931 7938 794517952 7959 796617973 7980 7987 1 1 


799318000 8007 8014 
806218069 8075 8082 
81291 813618142 8149 


8222 8228 
8287 8293 
8351 8857 


66 8195 

67 8261 

68 8325 

69 8388 

70 8451 8457 8463 8470 8476 

71 8513 8519 8525 8581 8587 

72 8573 8579 8685 8691 8597 

73 8633 8639 8645 8651 8657 

74 8692 8698 8704 8710 8716 

75 8761 8756 8762 8768 8774 

7 6 8808 8814 8820 8826 

77 8865 8871 8876 8882 

78 8921 8927 8932 8938 

79 8976 8982 8987 8993 


968519689 9694 


986819872 9877 9881 


9053 

9058 

9063 

9106 

9112 

9117 

9169 

9165 

9170 

9212 

9217 

9222 

9263 

9269 

9274 

^315 

9320 

9325 

9365 

9370 

9376 

9415 

9420 

9425 

9465 

9469 

9474 

9513 

9518 

9523 

9562 

9566 

9571 

9609 

9614 

9619 

9667 

9661 

9666 

9703 

9708 

9713 

9750 

9754 

9759 

9705 

0800 

9806 

9841 

9845 

9850 


9894 

19930 

9984 

9939 

19974 

9978 

9983 


8041 8048 8055 1 
8109 8116 8122 1 
8176 8182 8189 1 

8241 8248 8254 1 
8306 8312 8319 1 
8370 8376 8382 1 
8432 8439 8445 1 
84881 8494 8500 8506 1 

8549 8555 8561 8567 1 
86091 8616 8621 8627 1 
8675 8681 8686 1 
8733 8739 8746 1 
8791 8797 8802 1 

8848 8854 8859 1 
8904 8910 8915 1 
8960 8965 8971 1 
9015 9020 9026 1 


9122 9128 9133 1 
9175 9180 9186 1 
19227 9232 9238 1 
9279 9284 9289 X 
9330 9335 9340 1 

9380 9385 9390 1 
9430 9435 9440 0 
9479 9484 9489 0 
9528 9533 9538 0 
9576 9581 9586 0 


1 2 3 4 4 
1 2 3 3 4 
1 2 3 3 4 
1 2 3 3 4 
1 2 3 3 4 

1 2 3 3 4 
1 2 3 3 4 
1 2 3 8 4 
1 2 2 3 4 
1 2 2 3 4 

1 2 2 3 4 
1 2 2 3 4 
1 2 2 8 4 
1 2 2 8 4 
1 2 2 3 8 

1 2 2 3 3 
1 2 2 3 3 
1 2 2 3 3 
1 2 2 3 3 
1 2 2 3 3 

1 2 2 3 8 
1 2 2 8 3 
1 2 2 3 3 
1 2 2 3 3 
1 2 2 3 3 

1 2 2 3 3 
112 2 3 
1 12 2 3 
1 12 2 3 
112 2 3 

I 1 2 2 3 
112 2 3 
112 2 3 
112 2 3 

II 2 2 3 

1 1 2 2 3 
112 2 8 
112 2 8 
112 2 3 
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antilogarithms 


Mean DifTefences 
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‘51 

3236 

•52 

3311 

•55 

3338 

•54 

3407 

• 55 ^ 

3548 

‘56 
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•57 
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• 5 S 

3802 


3890 
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3981 

•01 

4074 

•62 

4169 

•65 

4266 

•64 

4365 

06 

;44^ 

M 

4571 

•07 

4«W 
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•1® 

5m3t 
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mm 

•« 1 
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•mii 
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Natural Sines 
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0“ 

•0000 

1 

•0176 

2 

•0349 

3 
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4 

*0698 

5 

•0872 

■ ' i 

6 
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7 
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8 
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9 
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•1736 

II 

•1908 

12 
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13 
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14 

•2419 

15 
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16 
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IT 
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32 

■5299 

33 

•5446 

34 

•5592 


•5736 

36 

•6878 

37 

•6018 

38 

•6167 

39 

•6293 

40 " 

•6428 

41 

•6661 

42 

•6691 

43 

•6820 

44 

•6947 


0017 

0035 

■0052 j 

0192 

0209 

i 0227 ’ 

0366 

0384 

0401 

0541 

0558 

0576 

0715 

0732 

0750 

0889 

0906 

0924 

1063 

1080 

1097 

1286 

1253 

1271 

1409 

1426 

1444 

1582 

1599 

1616 

1764 

; 1771 

1788 

1925 

1942 

1959 

2096 

2113 

2130 

2267 

2284 

2300 

2436 

2453 

2470 

2605 

2622 

2639 

2773 

2790 

2807 

2940 

2957 

2974 

3107 

3123 

3140 

3272 

3289 

3305 

3437 

3453 

3469 

3600 

^ 3616 

3633 

8762 

3778 

3795 

3923 

3939 
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A TEXT“BOOK OF FlUiCriCAL PHYSICS 


natural C»SINES 
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■natural COSINES 

W.B.— Mean Differences 
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A TEXT-BOOK OF PBACTICAL PHYSICS 




NATURAL TANGENTS 
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5637 

5697 

5757 

6818 

5880 

5941 

10 20 

30 

40 

60 

58 

1-6003 

6066 

6128 

6191 

6255 

6319 

6383 

6447 

6512 

6577 

11 21 

32 

43 

53 

59 

1-6643 

6709 

6775 

6842 

6909 

6977 

7045 

7113 

7182 

7251 

11 23 

34 

45 

66 

60* 

1*7321 

7391 

7461 

7532 

7603 

7675 

7747 

7820 

7893 

7966 

12 24 

36 

48 

60 

6i 

1-8040 

8115 

8190 

8265 

8341 

8418 

8496 

8572 

8650 

8728 

13 26 

38 

51 

64 

62 

1-8S07 

8887' 

8967 

9047 

9128 

9210 

9292 

9375 

9458 

9542 

14 27 

41 

55 

68 

63 

1-9626 

9711 

9797 

9883 

9970 

0057 

0145 

0233 

0323 

0413 

15 29 

44 

68 

73 

64 

2-0503 

0594 

0686 

0778 

0872 

0965 

1060 

1155 

1251 

1348 

16 31 

47 

63 

78 

65 

>2*1445 

1543 

1642 

1742 

1842 

1943; 

2045 

2148 

2251 

2355 

17 34 

61 

68 

85 

66 

2*2460 

2566 

2673 

2781 

2889 

2998 

3109 

3220 

3332 

8445 

18 37 

55 

73 

92 

67 

2*3559 

3673 

3789 

3906 

4023 

4142 

42621 

4383 

4504 

4627 

20 40 

60 

79 

99 

68 

2*4751 

4876 

5002 

5129 

5257 

5386 

5517 

5649 

5782 

5916 

22 43 

65 

87 

108 

69 

2*6051 

6187 

6325 

6464 

6605 

6746 

6889 

7034 

7179 

7326 

24 47 

71 

95 

119 

70* 

2*7475 

7625 

7776 

7929 

8088 

8239 

8397 

8556 

8716 

8878 ! 

26 52 

78 

104 

131 

71 

2-9042 

9208 

9375 

9544 

9734 

9887 

0061 

0237 

0415 

0595 

29 58 

87 

116 145 

72 

3*0777 

0961 

1146 

1334 

1524 

1736 

1910 

2106 

2305 

2506 

32 64 

96 

129 161 

73 

3*2709 

2914 

3122 

3332 

3544 

3759 

3977 

4197 

4420 

4646 

36 72 

108 

144 

180 

74 

3-4874 

5105 

5339 

5576 

5816 

6059 

6305 

6554 

6806 

7062 

41 81 

122 

163 204 

75 

1 

3*7321 1 

7583 

7848 

8118 1 

8391 

8667 

8947 

9232 

9520 

9812 

j46 93 139 

186 232 

76 

! 4*0108 

0408 

0713 

1022; 

1335 

1653 

1976 

2303 

2635 

2972 





77 , 

i 4*3315 

3662 

4015 

4374 

4737 

5107 

5483 

5864 

6252 

6646 





78 

4*7046 

7453 

7867 

8288' 

8716 

9152 

9594 

O045 

0504 

0970 





79 

5*1446 

1929 

2422 

2924 

3435 

3955 

4486 

5026 

5578 

6140 





80" 

5*6713 

7297 

7894 

8502 

9124 

9758 

0405 

1066 

1742 

2432 





8i 

6*3138 

3859 

4596 

5350 

6122 

6912 

7720 

8548 

9395 

0264 

1 Mean differences | 

82 

7*1154 

2066 

3002 

3962 

4947 

5958 

6996 

8062 

9158 

0285 



.^83 

8*1443 

2636 

3863 

5126 

6427 

7769 

9152 

0579 

2052 

S572 



84 

9-514 

9*677 

9*845 

10-02 

10-20 

10;39 

10*58 

10-78 

10*99 

11-20 

Ui. ft 


85 

11-43 

11*66 

11-91 

12-16 

12-43 

12-71 

13*00 

13-30 

13*62 

13-95 





86 

14-30 

14*67 

15*06 

15-46 

15-89 

16*35 

16-83 

17^34 

17-89 

18-46 





87 

19-08 

19*74 

20*45 

21-20 

22*02 

22-90 

23*86 

24-90 

26*03 

27-27 





88 

28-64 

30*14 

31*82 

33-69 

35*80 

38-19 

40-92 

44-07 

47-74 

52-08 





,89 . 

57*29 

63*66 

71-62 

81-85 

96*49 

114*6 

143-2 

191*0 

286-5 

573-0 
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1 

s/ ^ ■ 
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1 

1 

1 

1-0000 

1-OGOO 

1-00000 

3-1623 

l-OWKX) 

V 0-31623 

2 

4 

8 

1-4142 

1-2500 

0-50000 

4-4721 

0-70711 

',0.-22361 

3 

0 

27 

1-7321 

1-4422 

0-33333 

5-4772 

0-57735 

0-18257'.'' 

4 

10 

64 

2-0000 

1-5874 

0-25000 

6-3245 

0-50fK)0 

.0-15811 

5 

25 

125 

2-2361 

1-7100 

0-2{XXK) 

7-0711 

0-44721 

0-14142, 

6 

:5(i 

216 

2-4405 

1 ■8171 

0-16667 

7-7460 

0-40825 

0-12010 

7 

4!) 

343 

2-6458 

X-0120 

0-14280 

8-3666 

(>-3770() 

0-110.52 

8 

(U 

512 

2-8284 

2(K)(K) 

0-125(X) 

8-0443 

0-:i5:i55 

0-11180 

9 

81 

720 

3-(K)0O 

2-0801 

0-11111 

9-4868 

0 - 3 : 1 : 1:13 

0-10541 

10 

1(K> 

1000 

3-1623 

2-1544 

0-10000 

10-tKKX) 

0-31623 

O-IOCKX) 

n 

121 

1331 

3-3166 

2-2240 

0-00001 

10-4881 

(>-:«)] 51 

0-00535 

n 

144 

1728 

3-4641 

2-2804 

0-08333 

10-0545 

0-28868 

0-00120 

13 

inu 

2107 

3-(>{)56 

2-3513 

0-07602 

11-4018 

0-277:15 

0*08771 

14 


2744 

3-7417 

2-4101 

0-07143 

11 -8:122 

0-26726 

0-08452 

!5 

225 

3375 

3-8730 

2*4662 

0-06667 

12--2474 

0-25820 

0-08165 

(6 

250 

4000 

4*00(K) 

2-5108 

0-06250 

12-6491 

0-25(H)0 

0-071H»6 

17 

280 

4013 

4-1231 

2-5713 

0-05882 

13-0384 

0-24253 

0-O7670 

)8 

224 

5882 

4-2426 

2-6207 

0-05556 

13-4164 

0-23570 

0-074.54 

19 

3<U 

6850 

4-3580 

2-6684 

0-05263 

13-7840 

0-22042 

0 -07255 

20 

4tMj 

8000 

4-4721 

2-7144 

0-05(M)0 

14-1421 

0-22361 

0-07071 

2( 

441 

0201 

4-5826 

2-7589 

0-04762 

14-4014 

0*21822 

0-06{X)l 

22 

484 

10648 

4-6004 

2-8020 

0-04545 

14-8324 

0-21320 

0-06742 

23 

520 

12167 

4-7058 

2-8430 

0-04348 

15-1658 

0-20851 

0-06504 

24 

57() 

13824 

4-8000 

2*8845 

0-04167 

15-4019 

0-20412 

! 0-06455 

25 

025 

15625 

5-0000 

2-0240 

0-040(K) 

15-8114 

0-20(K)() 

0-06:125 

26 

[ ■ " 07 0 

17570 

5-()00() i 

2-0625 

1 0-03846 j 

16-1245 

0-10612 

0-06202 

27 

720 

10088 ! 

5-1062 

3-(MK)0 

0-03704 ! 

16-4317 

0-10245 

0-06086 

28 

784 

21052 

5-2015 

3-0366 

0-03571 ! 

16-7332 

0-18808 

0-05076 

29 

841 

24380 i 

5-3852 

3-0723 

0-03448 ! 

17-0204 

0-18570 

(.i-05H72 

30 

1 0(H) 

27000 1 

5*4772 

3-1072 

e-03333 

17-3205 1 

0-18257 

0-(.(,5774 

31 

001 

20701 

5-5678 

3-1414 

0-03226 

17-6068 ' 

0-1706} 1 

0-05680 

32 

1024 

327(58 

5-6560 

3-1748 

0-03125 

17-8885 j 

0-17678 

0-0.5r»i‘'/( 

33 

1080 

35037 

5-7446 

3-2075 

0-03030 

18-1650 I 

0-17408 

0-05.50.5 

34 

115(5 

30304 

5-8810 1 

3-2306 

0'()204l 

18-4301 1 

0-17150 

0-05423 

35 

1225 

■42875 , 

: 5-0161 

3-2711 

0-02857 

18-7083 1 

U- 16003 

0 - 05 : 14.5 

„ 36. 

1200 

46650 

I r>-()(K)() 

3-3019 

0-02778 

18-0737 1 

0-16667 

0-05270 

37 

lOOiO 

5(H)53 

6-0828 

3-33->2 

0-02703 

30-2:154 1 

0-16440 

0-05100 

38 

1444 

54872 

6-1644 

3-36-iO 

0-02632 

10-4036 

0-16222 

0-05 1:10 

39 

1521 

50310 

6-2450 

3-3012 

0-02564 

10-74S4 i 

O' 16013 : 

0'0,5(J*‘t4 

40 

l(5(Kl 

041KH) 

6-3245 

3-42(Hl 

0-02500 

20-(HKK) i 

0-158 11 j 

0‘050(K.) 

41 

losi 

0s021 

6-4031 

3-44S2 

0-024:10 

2(*-24S5 ' 

0- 156, 17 

0-040:2) 

42 

1704 

74088 

6-4807 

3-4760 

0-02:{81 

2((- 40.30 i 

0-l54:i0 


43 

IMO 

70507 

6-5574 

3-5084 

0-0232(V 

2(1-7:164 1 

0-15250 

0-048,2,2' 

44 

1050 

85184 

6-6832 

3-5303 

0-0227:1 ! 

2(»-U762 I 

0-15(}76 

(1-04767 ' 

45 : 

2025 

01125 

6-7082 

3-5560 

0-02222 1 

21-21:12 

0-1 401.) 7 

0-04714 

46 

2110 

07336 

6-7823 

3-5830 

0-02174 1 

21 -4476 

0-14744 

0-04663 

47 

2200 

103823 

6-8557 

3-6088 

0-02I2H ! 

21-670.1 

0-14.587 

0-04613 

48 

2004 

1 10502 

6-0282 

3-6342 

0-02083 i 

21'0()80 

0-144:{4 

0*04564 

49 

2401 

■'■117040 

7-0(HK) 

3-6503 

0-02041 ! 

22-l;l50 

0*142^6 

,'0-04518 . 

50 

2500 

125000 

7-0711 

3-6840 

0-o20(K) ; 

22-3607 

0-14142 

0-04472 
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n 

7 ^ 

^fOn 

51 

260X 

132651 

7*1414 

3*7084 

0*01961 

22*5832 

0*14003 

0*04428 

52 

':,2704 

140608 

7*2111 

3*7325 

0*01923 

22*8035 

0*13868 

0*04385 

53'' 

2809 

148877 

7*2802 

3*7563 

0*01887 

23*0217 

0*13736 

0*04;U4 

54 

2916 

157404 

7*3485 

3*7798 

0*01852 

23*2379 

0*13608 

0*04303 

^'55, 

3025 ■' 

166375 

7 '41 62 

3*8030 

0*01818 

23*4521 

0*13484 

0*04264 

56 

3136 

175616 

7*4833 

3*8259 

0-01786 

23*6643 

0*13363 

0*04226 

57 

3249 

185193 

7*5498 

3*8485 

0*01754 

23*8747 

0*13245 

0*04189 

SB 

3364 

195112 

7*6158 

3*8709 

0*01724 

24*0832 

0*13131 

0*04152 

59' 

3481 

205379 

7*6811 

3*8930 

0*01695 

24*2899 

0*13010 

0*04117 

60 

sm 

216000 

7*7460 

3*9149 

0*01667 

24*4949 

0*12910 

0*04082 

6.1 

3721 

226981 

7*8102 

3*9365 

0*01 639 

24*6982 

0*12804 

0*04049 

62 

3844 

238328 

7*8740 

3*9579 

0*01613 

24*8098 

0*12700 

0*04016 

63 

3969 

250047 

7*9373 

3*9791 

0*01587 

25*0998 

0*12590 

0*03084 

64 ' 

4096 

262144 

8*0000 

4*0000 

0*01563 

25*2082 

0-12500 

0*03953 

65 

4225 

274625 

8*0023 

4*0207 

0*01538 

25*4951 

0*12403 

0*03922 

66 

4356 

287496 

8*1240 

4*0412 

0-01515 

25*6905 

0*12309 

0*03802 

67 

44H9 

3<K)763 

8*1854 

4*(KM5 

0*01493 

25*8844 

0*12217 

0*03863 

68 

4<V24 

314432 

8*2462 

4*0817 

0*01471 

26*0768 

0*12127 

0*03835 

69 

4761 

328509 

8*3066 

4*1016 

0*01449 

26*2679 

0*12039 

0*08807 

70 

4900 

343000 

8*3666 

4*1213 

001429 

26*4575 

0*11952 

0*03780 

71 

5041 

357911 

8*4261 

4*1408 

0*01408 

26*6468 

0*11868 

0*03763 

72 

5184 

373248 

8*4853 

4*1602 

0*01389 

26*8328 

0*11785 

0 03727 

73 

5329 

389017 

8*5440 

4*1793 

0*01870 

27*0185 

0*11704 

0*03701 

74 

5476 

405224 

8*6023 

4*1983 

1 0*01351 

27*2029 

0*11625 

i 0*03676 

75 

56,25 

421875 

8*6603 

4*2172 

0*01333 

27*3861 

0*11547 

0-03651 

76 

5776 

438976 

8*7178 

4*2358 

0*01316 

27*5681 

0-1K71 

0*03627 

77 

5929 

456533 

8*7750 

4*2543 

0*01299 

27*7489 1 

0*11806 

0*03(504 

78 

60S4 

474552 

8*8318 

4*2727 

0*01282 

27*9285 

0* 11323 1 

0*03581 

79 

■;6241 ' 

493039 

8*8882 

4*2908 

0*01266 

28*1069 

0*11251 1 

0*03558 

I 80 

6400 ; 

512000 

8*0443 

4*3089 

0*01250 

28*2843 

0*11180 

0*03536 

8! 

6561 

531441 

9*0000 

4*32<i7 

0*01235 

28*4604 

0*11111 

0*03514 

82 

6724 

551368 

9*(»554 

4*3445 

0*01220 

28*6356 

0*11043 

0*03492 

S3 

6889 

571787 

9*1104 

4*3621 

0*01205 

28*8097 

0*10976 

0*03471 

84 

7056 

f>‘.)2704 

9*1652 

4*3795 

0*01190 

28*9828 

0*109 n 

0*03450 

85 

7225 

614125 

9*2195 

4*3968 

0-01176 

29*1548 

0*10847 

i 0*03430 

86 

7396 

636050 

9*2736 

4*4140 

0*01163 

20*3258 

0-10783 

I 0*03410 

87 

7569 

658503 

9*3274 

4*4310 

IK)M49 

29*4938 

0*10721 

0*03390 

as 

7744 

681472 

9*3808 

4*4480 

0*01136 

29*6648 

0*10(560 

0*03371 

89 

7921 

704969 

0*4340 

4-4647 

0*01124 

29*8329 

0*10600 

0*03352 

90 

8100 

729000 

9*4808 

4-4814 

0*01111 

30*0000 

0*10541 

0*03333 

9! 

8281 

753571 

9*5394 

4*4979 

0*01099 

30*1662 

0*10483 

0*03315 

92 

8464 

778(>88 

9*5917 

4*5144 

0*01687 

30*3315 

0* 1042(5 

i 0 *(53297 

93 

8640 

804357 

9*6437 

4*5307 

0*01075 

30*4959 

0*10370 

t 0*0327<9 

94 

8836 

830584 

9*6954 

4*5468 

0*01964 

30*6594 

0*10314 

0*0326*2 

95 

1KJ25 

857375 

9*7408 

4*5629 

0*01053 

30*8221 

0*10260 

0*03244 

•96 

9216 

884736 

9-7980 

4*5789 

0*01042 

30-9839 

0*10206 

0*03227 

97 

9409 

912673 

9*8489 

4*5947 

0*01031 

3M448 

0*10153 

0*0321 1 

98 

9604 

941192 

9*8995 

4*6104 

0*01020 

31*3050 

0'1(»102 

0*03194 

99 

9801 

970299 

9*9499 

4*6261 

0*01010 

31*4643 

0-KK150 

0*03178 

100 

10000 

loooax) 

10*0000 

4*6416 

OOKXX) 

31*6228 

0*10000 

0*03162 
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.Accuinulatoj: acid,, 594 
, alkali, 596" 

A.C» Bridges, 726 

A.C. frequency, determination of, 708 
Ammeter, 689 
calibration of, 561 
Types of, 689 

Ampere, international, 577 
true, 485 ■ 
virtual, 705 

Ampl location factor of a triode,. 745 
determination of ,745 
Angle of dip, 659 
Anion, 576 

Astatic galvanometer, 672 

A* — tangent position of Gauss, 461 

'Ballistic constant, 682 

determination of, 6$o, 662, 663 
galvanometer, 682 
Bridge, Carey Foster’s, 553 
metre, 508 
Wheatstone, 505 
Broca galvanometer, 674 
B — ^tangent position of Gauss, 462 

Calibration of ammeter, 561 
voltmeter, 556 
Capacitance, 622 
unit of, 622 

Carey Foster’s bridge, 5 33 
accuracy of, 5 34 
calibration of, 540 
sensitiveness of, 534 
Cations, 576 

Cathode ray oscillograph, 770 
study of A.C. wave form, 774 
study of hystcrisis curve, 774 
comparison of frequencies, 775 
Cdl,-bichromatc, 593 
Bunsen, 593 
Daniell, 589 
Latimer Clark, 590 
Leclanchc, 589 
primary, 586 
secondary, 592 
simple, 586 
Weston cadmium, 59! 

Cell constant, 580 
resistance, internal, 353' 

Mance’s method, 526, 532 
Chemical equivalent, 577 
Characteristic curves of a triode, 746 


Commutator, interchanging, 510, 512 
Condenser, principle of, 623 
capacitance of, 624 
Power factor, 728 
Conductivity, electrical, 585 
of electrolytes, 579 
specific, $80 

Conjugate conductors, 506 
Coulomb, international, 5 77 
true, 483 

Crompton potentiometer, 530 
Damping, air-friction, 679 
electromagnetic, 680 
fluid friction, 680 
Daniel! cell, 589 
D ‘Arson val galvanometer, 675 
Dead-beat, 679 
Deflection magnetometer, 463 
Dielectric constant, 637 
Diode, 74t 
Dip, 659 

De Sauty’s method, 632 

V determination of, 757 
e/m s, „ 762 

Earth’s field, horizontal component of, 
465 

Earth inductor, 659 
Eddy currents, 667 
Electrical vibrator, 708 
Electro-chemical equivalent, 376 
determination of, 578 
Electrolysis, 576 
Electrolyte, 576 
conductivity of, 579 
resistance of, 579 
Electrolytic cell, 581 
Electro magnetic damping, 680 
induction, 640 
Energy meter, 608 

'.End corrections for metre bridge, jxi 

Farad, 622 
Faraday, 577 

Faraday’s laws of electrolysis, 576 
Figure of 'merit' of galvanometer,' 1577 
determination of, 677, 678 
Frequency A. C. mains, 708 
Galvanometer, 670 
astatic, 672 
ballistic, 682 
Broca, 674 
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D** .Arson-val, ''67,5 ' 

cicaci“beat, 679 
. HelmholtZg 492^ 671 ' 

Kelvin\ 673 

, 6ji 

tangefttj 483, 470.' 
conversion into ' ammeter of, 692 
.. voltmeter, 697 
.figure of merit of, 677 
tesistacice, Kelvin’s method, 521, 525 
Gauss, '■ A ' .. tangent . position of, 46 1 . 

B tangent position of, 462 ; 

Gfid“pkte transconductance, 746 

H, determination of, 465 
Hot wire ammeter, 690 
Impedance of A.C. circuit, 705 
measurement of, 705 
of a triode, 746 

Induction, electromagnetic, 640 
self, 641 
mutual, 648 

Inductive circuits in series, 722 
„ paraliei, 723 

Intensity of magnetisation, 457 
Interchanging commutator, 510 ,512 
Internal resistance of a cell, 526, 532, 
629 

secondary cell, 598 

J.603 . . , 

determination or, 604 
Joule’s calorimeter, 604 
law, 604 

Kelvin’s galvanometer, 673 
method for galv. resistance, 521, 325 
Kirchhoff’s laws, 504 
Latimer Clark cell, 3 90 
Leakage of condenser, 65 3 
Leclanche cell, 589 
Local action, 587 

Lodge’s modification of Mances’ method, 

' ' 552' 

Logarithmic decrement, 683 
Magnetic elements, earth’s, 471 
moment, 457 

Magnetometer deflection, 463 
vibration, 464 
Mance’s method, 526, 532 

Lodge’s modification of, '352 
Maxwell’s Inductance Bridge, 735, 7:^6 
Mechanical equivalent of heat, 603 
Metre bridge, 508 

end corrections for, 509, 511 
Millikan’s oil drop method, 757 
Mutual Inductance, ' coefficient of, 648 
,, determination of, 649 . ; 

Neutral Point, 477 
.Oefsted,:45:7,,' ' 


■Ohm, international, 500 
true,- 300 
Ohm’s law, .499 
Oscillograph, C. R,. 770 
ParalieMaw of resistors in, 502 
Peltier effect, 614 ‘ 

Photo electric effect, 776 
„ cells, 779 

„ ,, emissive, 779 

»* Spectral response, 779 

, „ characteristics, 780 

Plate resistance of attiode, 746 
determination of, 746 
Polarisation in 'cells, 587 
Post Office box, 3 18 
Potentiometer, 547 
principle of, 547 

accuracy and sensitiveness of, 330 
Crompton, 550 
students, 569 
Power factor, 704 
in A. C. circuit, 703 

Rayleigh’s method for self-inductance, 

643 

Reactance, 707 

Reduction factor of a T.G., 483 
Resistance, 502 
boxes, 544 
comparison of, 564 
of electrolyte, 5 79 
of galvanometer, 521, 5 25 
internal, of a cell, 526, 532, 629 
secondary cell, 39$ 
spemfic, 305 
Resistivity, 505 
Resistors in parallel, 302 
series, 502 
Rheostat, 346 
R. M. S. value, 705 
Search coil, 664 
Secondary cell, 592 

internal resistance of, 598 
Seebeck effect, 615 
Self-inductance, coefficient of, 641 
determination of j 643 
Sensitivity'' of galvanometer, 677 
Series resonant A.C. circuit, 716 

Tangent A position of Gauss, 461 
B position of Gauss, 462 
galvanometer, 483, 670 
Helmholtz, 492, 671 
Tetrodes, 73 1 

characteristics, 752 
Thermo-eiectricity, 614 
Tb e r uio-elcct r omot i ve .for cc , 6 1 4 . 

' raeasurement of, - , , 

ThOifspson’s effea', 613 ; ' ' , 
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'Thoinso0*'s method ioe e/m, 762 
,Tffiade'¥a|?c, 744 

characteristics of* 746- 
constants of* 745 
. uses of* 750 ■ 

Val¥e, diode, 741 
' thermionic, 740. " 
triode, 744 

Vibrator, electrical, 708 


Volt, international, 577 
true, 4''99^ ' 

virtual, 705 ^ 

Voltameter, :cappet,; ,5,77 , 
Voltmeter, 696, ' 

Calibration of, 5 56 
Wattless current, 704 
Weston cadmium cell, 591 
Wheatstone bridge, 505 
Wien’s capacitance bridge, 7 2^ 





